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CHAPTER 1 
SYNOPSIS AND THEORETICAL INTRODUCTION 
1 INTRODUCTION 
As will be shown in this thesis, spontaneous Raman scattering can be used 
successfully as a spectrocopic technique to determine (ro-) vibrational levels 
such as second excited states or combination vibrations. These levels are higher 
than the ones connected with the usually observed fundamental transitions of a 
molecule. Apart from some local and accidental cases this extension of Raman 
spectroscopy (to vibrational levels in which more than one quantum is excited) 
is new and appears to be very effective m determining energy levels and Raman 
intensities of highly excited vibrational states and corresponding molecular pro-
perties. Especially in cases where IR or UV absorption spectroscopy fails (e .g. 
for molecules with an inversion symmetry m the case of IR, and disociation of 
the molecules in the case of UV radiation) this breakaway from fundamentals for 
Raman scattering is useful m exploring molecular properties. The results can be 
used, for example, to shed some light on the vibrational structure and the me-
chanism of multiphoton dissociation (MPD) or multiphoton excitation (MPE). 
This thesis consists of several manuscripts, some already published, oth-
ers to be submitted for publication m the near fu ture, and concerns Raman 
spectroscopy of high vibrational states and Raman-detected IR excitation meas-
urements It is the aim of this chapter to summarize the contents of these ar t i -
cles and to describe general features observed for the measurements on the 
different gas species and to point out several observed gas-specific properties. 
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In the appendix, furthermore, numerical expressions are presented to cal-
culate the Raman intensity for the isotropic part of the scattered light This iso-
tropic scattering is almost entirely responsible for the Q-branch structure, the 
most simple spectroscopic vibrational band Compared to other spectroscopic 
structures, a Q-branch is most easily observed due to a near-coincidence of se-
veral ro-vobrational transitions which compensates more or less for the intrinsic 
weakness of the inelastic scattering process compared to IR absorption 
2 IT ALL STARTED IN AIR 
The motivation for doing the measurements described in this thesis origi-
nates from the observation of the Raman spectrum of air A very strong 
Q-branch belonging to the fundamental band of the vibration of N_ (nitrogen, 
80o m a i r ) , was observed at a Raman shift of about 2330 cm This high inten-
sity tempted us to look for a Raman signal belonging to the f i rs t overtone t ran-
sition Also ab initio calculations suggested indirectly that, if the dynamical 
4 
range of the Raman spectrometer is of the order of 10 the very weak f i rst over-
tone should be observable , and indeed it was' At approximately dou-
ble the Raman shift of the fundamental band a very weak Q-branch belonging to 
the f i rs t overtone of N-, was detected. This observation made us realize that 
looking at the simplest molecular structure, a homonuclear diatomic molecule, 
and concentrating on the most simple spectral vibrational band which exists m 
spectroscopy, a Q-branch, can still give new and important information on pro-
perties of the poiarizability. As a result it becomes possible to confront results 
from ab initio calculations with those obtained from direct measurements. 
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Furthermore overtone Raman spectroscopy can be used for molecules of 
more than two atoms Because of the far more diff icult structure of polyatomic 
molecule it is still impossible to interpret the measurements m terms of polanza-
bihty properties, but instead we can get useful data on the vibrational energy 
levels higher up in the multi dimensional potential well of the electronic ground 
state 
3 CONTENTS OF THE FOLLOWING CHAPTERS 
The experimental apparatus is described in the next chapter, "EXPER-
IMENTAL SET UP AND PROCEDURES", with which the detection of the very 
weak overtones and combination vibrations in the Raman spectrum has been 
made possible The mtracavity cell arrangement as well as the jet arrangement 
with the possibility of excitation with the line tunable cw-CO- laser will be de-
scribed Also the methods used for the calibration of the Raman spectrometer 
with respect to frequency and spectral transmission are presented 
Numerous examples shall be given m which it is shown that Raman spec-
troscopy of high vibrational states proves to be very useful and versatile in de-
termining molecular structure But, of course, the complexity of the molecular 
structure m combination with the high sensitivity and the moderate resolution 
determines the the degree of analysis possible If the molecular structure is 
simple ( e g a diatomic molecule with only one vibrational mode), the isotropic 
polanzabihty can be determined from a comparison of fundamental and overtone 
intensities. In the more complex case of a polyatomic molecule our analysis 
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yields vibrational energy levels and anharmomc shifts. The observed intensi-
ties have been used to recognize anharmomc resonances. 
Diatomic systems are treated m chapter 3 "VIBRATIONAL OVERTONES OF 
HOMONUCLEAR DIATOMICS (N 2 , 0 2 , D2) OBSERVED BY THE SPONTANEOUS 
RAMAN EFFECT". The only possibility for a direct determination of the vibra-
tional dependence of the isotropic polarizability is to measure the Q-branches of 
fundamental and f i rs t overtone transitions m the Raman spectrum The meas-
ured intensity ratio of the fundamental and f i rst overtone transitions, which can 
not be disturbed in any way in diatomic molecules by an anharmomc resonance 
with energy levels from other vibrational ladders, is directly related to the ratio 
of the f i rst and second denviatives of the isotropic polarizability with respect to 
the dimensionless vibrational coordinate. In the analytical relation both the an-
harmomcity of the vibration as well as the non-linear dependence of the polariz-
ability on the vibrational coordinate contribute to the intensity of the f i rst 
overtone spectrum Typical values for the intensity ratio and the ratio of the 
-4 coefficients of linear and quadratic terms of the polarizability are 10 and 0.5 
respectively. 
For N- the results are m good agreement with ab initio calculations of the 
static polarizability; for D_ (deuterium) a discrepancy of a factor 2 has been 
found This disagreement motivates an improved performance of both measure-
ment and calculation m the future For O- (oxygen) no ab initio calculations 
have been published yet. Furthermore it is shown that the contribution of the 
anisotropic scattered Raman light to the Q-branch is negligible. Also the inf lu-
ence on the intensity of the Q-branch of centrifugal distortion is shown to neg-
ligible; direct evidence of this is extracted from the observed resolved 
Q-branch structure of D«. For H- (hydrogen) it was not possible to detect the 
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f i rst overtone. This is probably due to the fast drop in transmission of the Ra-
man spectrometer towards hiqher frequencies (at the overtone of D_ the trans-
mission is about two times higher than that at the overtone of H_). 
The subject of chapter 4 is "RAMAN OVERTONE SPECTROSCOPY OF 
ETHYLENE". The choice of this gas was motivated by the following two argu-
ments First, the molecular structure as described by the pomtgroup V«. (=D. ) 
gives rise to 12 non-degenerate vibrational modes of which every doubly excited 
state is a totally symmetric vibration (A symmetry) and thus yields a f i rst ov-
ertone with a Q-branch m the Raman spectrum. Second, the vibrational energy 
level scheme was rather unknown except for most of the f i rst excited states 
which were obtained by the fundamental transitions. The existence of the inver-
sion center of symmetry renders many vibrational levels mattamable by IR t ran-
sitions. To excite these levels e.g. IR two-photon excitation experiments can 
be carried out Raman overtone spectroscopy can be important as additional 
method for a quantitative understanding of the spectral properties of C-H, . 
Most str iking from the identified Q-branches and corresponding Raman 
strengths are the observed intensity enhancements (a factor of 25 or more) due 
to a wave function mixing of the combination vibration with a very strong Raman 
active f i rst excited vibration of the same symmetry. This so called anharmonic 
resonance is especially strong between vibrational modes where the same atoms 
move similarly. For example the out-of-plane modes couple more efficiently with 
each other then with the m-plane vibrational modes. Such an intensity enhance-
ment, by wave mixing with a strong f i rst excited vibrational level, is much more 
efficient in contributing to the Raman intensity of the overtone compared to its 
intensity without such a resonance (if this would be possible to determine). 
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From the band origins (cross-) anharmomcity constants are calculated. 
Although the cross-anharmomcity matrix is stil l incomplete, where possible a 
consistency test of the (independent) determined constants was made. Evidence 
is found that the rather simple (cross-) anharmomcity model sometimes fails to 
describe the vibrational energy level scheme correctly because it does not ac­
count for local resonances. An explicit example of this is given m the compar­
ison of anharmomcity constants as determined from CO_-laser induced hotbands 
and those from overtone measurements 
The second excited state 2v l r. (A ) vibration is very interesting, because 
10 g 
its rotational structure is strongly Coriohs perturbed; the f i rs t overtone transi­
tion yields a 20 cm broad Q-branch Simultaneously a "Fermi resonance" with 
the \>~ (A ) f i rs t excited state enhances the overall intensity. 
Although the density of A states is already high m the region of the sec­
ond excited state of the four C-Η stretch vibrations (at about 6000 cm ), the 
corresponding Q-branches are still observable and seem to be free of Coriohs 
perturbations. 
The v 7 IR absorption of C-H. is measured. The results are presented m 
chapter 5 "RAMAN ANALYSIS OF C 2 H 4 MOLECULAR JETS EXCITED BY A cw 
CO_-LASER". A line tunable cw CO,-laser for excitation and a jet expansion 
for rotational cooling are used with Raman scattering as detection technique for 
the state population. The IR absorbtion is detected by comparing two Raman 
spectra of an A symmetric vibration, taken under the same conditions but one 
with and one without CO,-laser excitation. This kind of measurement is similar 
to those of G. Luijks [1] on SFg [2] and CF-Br [ 3 ] . The jet Is used [4]as a 
simple means to cool the gas appreciable, so that the dependence of the Vy ab­
sorbtion spectrum on the rotational temperature can be determined. 
From the results we can conclude that only single photon absorption takes 
place, under the chosen (low fluency) conditions The structure in the spec­
trum could be assigned to ro-vibrational transitions of the v-, vibrational excita­
tion Previously multiphoton transitions had been invoked in which the observed 
structure is explained often based on a supposed Fermi resonance between the 
second excited states of the v-, and ν« vibrations We have found no indication 
of such a resonance (see also chapter 4) 
For C_H. (aliene) the results obtained are presented m chapter 6 "THE 
ALLENE RAMAN SPECTRUM FROM 250 TO 6200 cm" 1 " Again it is observed that 
similar motions for different modes lead often to anharmonic resonances Also 
the contribution to the intensity from an anharmonic resonance of a combination 
vibration with a strong f i rst excited state is much larger than the intensity 
which would have been observed if the resonance had been absent 
The overtones of the C-Η stretch vibrations were not observed for C-H. 
but they were observed for C2H. Perhaps a disturbance of the rotational struc­
ture of the C-Η stretch second excited level due to Conohs interactions renders 
the Q-branch of the overtones to be diffuse and thus not observable because it 
is weak even without such an disturbance Also anharmonic resonances can give 
rise to an intensity decrease by intensity borrowing In comparison to C^H«, 
the density of levels is much higher, due to the two low energy vibrations ν.η 
and v. . 
The low frequency mode v., (E symmetry) causes easily observable hot-
bands from which one can obtain cross-anharmomcity constants The existence 
of E symmetric degenerate vibrational modes in C-Η· (including v . . ) can give 
rise to split hot band structures at the Raman spectra of combination vibrations 
of degenerate modes, which probably can explain the resolved red-shifted 
structure as is observed for 2v1(, But also a Conolis perturbation may induce 
this structure for 2 v l n . 
As in the case for C-H·, it is diff icult to check if there is consistency be­
tween the obtained (cross-) anhrmonicity costants due to the incompletenes of 
the cross-anharmonicity matrices and the local anharmonic resonances In some 
cases, comparing anharmomcity constants obtained m independent ways can in­
dicate shifts induced by (local) anharmonic resonances. 
For C~H- (ethane) we have measured the Raman spectra of the v i-
bration-rotation-torsional transitions 2\>л, its v,, and 2v· hotband, 2\)
л
* 2vn, 2v4
 + 
4 4 4 4 9 4 
2\>2 and 2v 4 + 2v6 The results are presented in chapter 7 "DIRECT OBSERVA­
TION OF TORSIONAL LEVELS AND TORSION ROTATION VIBRATION INTER­
ACTIONS IN RAMAN SPECTRA OF CjHg". The observed spectra, from which 
band origins and symmetry splittings are obtained, allow a direct determination 
of the three-fold barrier which is low enough to permit "hindered" internal rota­
t ion. The observed transitions are shotvn to be Raman active using the 
+ 
Gqp-group. This group has to be employed to describe properly the tunneling 
effects through the hmdered-rotation-barner of this molecule. 
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APPENDIX 
THE ORIGIN OF Q-BRANCHES IN THE (OVERTONE) RAMAN SPECTRUM 
Experimentally the spontaneous Raman effect (inelastic scattering of licht) 
was discovered in 1928 by С V Raman and К S Krishnan [5] Later (1943) 
Placzek introduced a general theory of the Raman effect [6] and since then se­
veral comprehensive reviews have been published (see for example Long [7] and 
Brodersen [8]) 
The presence of an oscillating external electric field ΐ, at the position of a 
confined but not rigid charge distribution like a molecule yields the Hamiltoman 
responsible for the transit ion; it is the time dependent energy operator for the 
induced (öE) and "permanent" (TT) dipole moments in that electric field The 
contribution of the "permanent" dipole moment to the Hamiltoman (μ". E) causes 
the possibility of absorption (rotational excitation with micro-wave or vibrational 
excitation with IR radiation), while the induced dipole moment contribution 
((οΡ).Ε) causes the Rayleigh (elastic) and Raman (inelastic) scattering. Both 
types of dipoles are defined with respect to the molecular frame; the projection 
of the induced dipole moment HE on È (and m a different manner also the the 
projection of ~ on Ё") changes continuously depending on the geometrical orien­
tation of the rotating molecule with respect to the direction of E. This difference 
produces the different selection rules (for J and K) of IR absorption and Raman 
scattering 
The polanzability α is defined m the molecular fixed frame by a symmetric 
tensor, a 3x3 matrix with 6 different real elements, α , ο , α , α , α 
χχ ху χζ yy yz 
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and a , which acts as operator in the matrix elements occurmg in the intensity 
expression which will be derived. It is useful to define different linear combi­
nations Τ (the spherical tensor components) of the polarizabihty elements 
τ
0
 - ί + * W 3 1 / 2 
in — ( a + o *a J/3 
0 xx yy zz 
T 2 -=-la ' ( a -a )/2 
-2 xy xx yy 
T2 _ I , - a -la /« ι 
-1 ΧΖ yz (1) 
If, -[2a -a -a )/o 
0 zz xx yy 
Τ?. = la + ( a -a )/2 2 xy xx yy 
T 2 _ I , - -a -la 
1 xz yz 
following the notation of Brodersen [8] As will be shown below T 0 is responsi­
ble for the isotropic scattering, yielding Q-branches in the Raman spectrum. 
The ro-vibrational states t of an asymmetric top molecule can be described 
using an expansion of the orthonormal basis set of states |V>|JKM> of a symmet­
ric top molecule 
т =
 , к
с
 ,к IV>|JKM> (2) 
in which |V> describes the harmonic vibrational part of the symmetric rotor ei-
genfunctions and |JKM> is the rotational part. We assume the molecule to be in 
its electronic ground state 
The intensity of the scattered light collected m an element of solid angle dfl 
(m a 90 observation geometry, see chapter 2) is given by X 
1 = π2ο/2ε χΝ E2(v -v J 4 ( 1 0 m 2 •Tm 2 ) (3) 
ο ι о it ι so an 
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where ν is the laser f r e q u e n c y , ν , the f r e q u e n c y of the r o v i b r a t i o n a l t r a n s i ­
t i o n , N the number of molecules in the in i t ia l state ( i n c l u d i n g the degeneracy of 
2 
t h a t s t a t e ) , E is p r o p o r t i o n a l t o t h e i n t e n s i t y of the laser and the squares of 
2 2 t h e t r a n s i t i o n moments m and m are def ined as 
ι so an 
m 2 =(2J + 1 ) [ X v „ K „ v , K , C * , K , C v „ ( K „ C ( J " u J ' , K " K ' - K " ) ' « V , | T ^ , _ K „ | V " > ] 2 (4) 
2 2 „ , 
w i t h ui=0 f o r m and ω=2 f o r m . S u p e r s c r i p t s and are used f o r m d i c a t -i so an r ^ 
m g respect ive ly in i t ia l and f ina l s tates. C ( J " u J ' , K"K'-K") ( t h e Clebsch-Gordan 
coeff ic ient) is i n t r o d u c e d to relate to the molecular f i x e d p o l a n z a b i l i t y t e n s o r . 
Neglect ing an isotropic s c a t t e r i n g , which is u n i m p o r t a n t f o r t h e considered 
Q-branches, one gets 
I = T C / 2 t o K N i E 2 ( v o - v | f ) 4 1 0 ( 2 J + 1 ) [ I v . v „ K , C * , K . C v „ K . < V | T ° | V " > ] 2 (5) 
because the Clebsch-Gordan coeff ic ients w i t h ω=0 are n o t - v a m s h m g o n l y i f J"=J' 
and K'^K' , and have t h e value 1. Assuming t h e rotat ional s t r u c t u r e of t h e i n i ­
t ia l and f ina l states to be (almost) t h e same, a spectra l band of ( n e a r l y ) c o i n c i d ­
ing r o v i b r a t i o n a l t r a n s i t i o n s is o b s e r v e d . Th is y ie lds a Q-branch w i t h a h igh 
spectral i n t e n s i t y d e n s i t y . 
The p o l a n z a b i l i t y d e s c r i b e d by the Τ and d e f i n e d in the molecular f i x e d 
frame depends on the deformat ion of the nuclear frame d u r i n g v i b r a t i o n . To ac­
count f o r t h i s one w r i t e s t h e Τ as a series expansion at the e q u i l i b r i u m value 
о 
of the general ized v i b r a t i o n a l coordinates q . e . g . 
< V | T ° | V " > = ( T ° ) e q < V | V " > * I t ( 8 T ° / 3 q t ) e q < V | q t | V " > ( e ) 
*Ι
χ t , ( 3 T ° / a q t 3 q t , ) e <V'| q ^ . | V"> • h i g h e r o r d e r t e r m s . 
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It can be shown that for a given |V" > ^ |V'> at most one term in (6) contributes 
to <V'|T |V"> because the IV^ are the independent harmonic oscillator wave 
functions For example the vibrational Raman spectrum of a harmonic oscillator 
consists of the fundamental vibrational part ( V ^ l , V" = 0, term with ЭТ /3q.) 
and its f i rs t overtone (V'=2, V"=0, term with Э Τ /3q. ) Up ti l l now this last 
term has been neglected because the laser power was to low 
Expression (6) has to be substituted in (5) The Σ.. ^,„ summation intro­
duces an anharmonicity of the vibrational wave functions and the intensity of 
the vibrational bands can now be caused by several non-vanishing terms in (5) 
at a given pair of I V * and |V"> An explicit example of this is given m chap­
ter 3 where the intensity of the f irst overtone of a diatomic molecule is deter­
mined and both the anharmonicity of the vibration and the Э Τ /3q term 
contribute to the intensity For polyatomic molecules (chapters 4, 6 and 7) an-
harmonic resonances of combination vibrations with strong Raman active f i rst 
excited states gives the former (excited even up to four quanta) enough intensi­
ty to become detectable 
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CHAPTER 2 
EXPERIMENTAL SET UP AND PROCEDURES 
1 THE INTRACAVITY RAMAN CELL AND THE SPECTROMETER 
Fig 1 shows schematically the experimental apparatus The upper part is 
a top view (the plane of the paper is a horizontal one) while a side view is given 
in the lower part of the figure The source of the monochromatic l ight, linearly 
polarized in the vertical direction, is an Ar-Ion laser (Spectra Physics model 
170, 270 power supply) with its discharge tube operated at 35 A discharge cur-
rent and 520 V DC voltage, yielding a power of 3 5 W at the 488 0 nm line (ex-
tracavity) The output mirror of the laser is removed and replaced by two 
highly reflecting curved mirrors (M, , M.) Together with the original high re-
flecting mirror M, of the laser mirrors M_ and M. confine the new laser cavity 
Because M„ and M. are mounted inside the sample cell, this set up is called the 
mtracavity one The curvature of the mirrors (R_= 10 cm, R.= 5 cm) causes, if 
_2 properly adjusted, a sharp laser beam focus with a 2w = 50 pm e -waist at the 
3 
heart of the 4x10x10 cm aluminium cell At the entrance of the gas cell a 
quartz wmdowB (3x19x32 mm ) is mounted at the Brewster angle (33 2 0 ) , with 
a flatness and parallelity comparable to the one of a laser discharge tube The 
advantage of using the mtracavity set-up is the availability of the full mtracavi-
ty power of the laser to which the Raman signal is proportional A disadvantage 
is the removal of the output mirror because in this way it is very diff icult to 
monitor the laser power directly Comparison of Raman signals with and without 
the mtracavity set-up suggests an mtracavity power of about 160 W (intensity 
15 
О 8x10 W/cm ) . The laser power of 500 W mentioned in chapters 3, 4 and 5 is 
not c o r r e c t and must be changed t o 250 W The decrease in the obtainable power 
level to 160 W is p r o b a b l y due to a decrease in t h e q u a l i t y of the laser c a v i t y 
o p t i c s . A t the power level of 160 W the l ine w i d t h of the f ree r u n n i n g laser 
beam is about 0 4 cm . T h e beam diameter of the unfocussed p a r t is about 
-2 2w =1.6 mm e waist points) 
о ^ 
Most of t h e time the laser is operated at the 487.99 nm (20486.65 cm ) 
blue l ine b u t in cer ta in cases also at the 514.53 nm(19429.77 cm ) green l ine to 
avoid plasma lines The blue laser line is chosen because the transmission of 
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t h e Raman spectrometer and the (v _v ) f a c t o r m the Raman i n t e n s i t y ex­
pression f a v o u r measurements at Raman s h i f t e d wavelengths as blue as possible 
(see the end of t h i s c h a p t e r ) 
In the 90 observat ion geometry the l i g h t , melast ical ly scattered from t h e 
molecules m t h e focus of t h e A r - I o n laser beam, is col lected by a lens L, (f=80 
mm, D=40 mm) and imaged on the horizontal e n t r a n c e s l i t of the monochromator 
w i t h a f o u r f o l d enlargement M i r r o r М .^ (R[-=5 cm, aluminium coated) is pos i­
t ioned opposite t o lens L. and ref lects the scattered l i g h t back to the f o c u s , 
t h u s increasing the col lection ef f ic iency b y a f a c t o r 2. Window W, is an-
t i - r e f l e c t i o n coated to minimize ref lect ion losses of the collected Raman l i g h t . 
With a t y p i c a l w i d t h of 200 ym the entrance s l i t of the monochromator is i l l u m i ­
nated completely by t h e imaging o p t i c s . The detected i l luminated volume is t h u s 
2 3 
2 0стхтгх(50 т ) /4= 039 mm because the sl i ts are 2.0 cm l o n g . 
To select the inelastic scattered l i g h t w i t h respect to its f r e q u e n c y a d i s ­
p e r s i v e element is needed. In o u r case we used a double monochromator ( J o b m 
Yvon model Ramanor H G . 2 S ) . This two stage monochromator has a v e r y good 
b a c k g r o u n d suppress ion and an a d d i t i v e d i s p e r s i o n (0 25 nm/mm). The focal 
length of each of the two stages is f=1 m and t h e a p e r t u r e is f / 8 . Note t h a t the 
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acceptance angle m which the scattered light is collected is adapted to the aper­
ture (by the choice of the imaging lens L,) to illuminate the gratings complete-
2 
ly The concave holographically ruled gratings (2000 grooves/mm, 110x110mm ) 
are mounted m the Littrow configuration The four slits all 2 0 cm long have an 
adjustable width. Most measurements are performed with a width of 200ym The 
linear dispersion ( 25 nm/mm) is wavenumber dependent and always given by 
the ful l width at half maximum (f w h m ) of a single line convoluted with the 
transmission profile of the Raman spectrometer For several single lines in the 
pure rotational Raman spectrum of H_ and N 9 and the ro-vibrational spectrum of 
H_, and at different exciting laser frequencies this dependence was determined. 
It is 0.5 cm higher than the theoretically expected one m the region of Stokes 
scattered frequencies (frequencies lower than 20486.7 cm ). At 200 ym slit 
-1 -1 -1 
width the f w h m resolution at 1600 cm , 1800 cm and 2000 cm Raman 
shift is 1.5 cm , 1 6 cm and 1.8 cm respectively At 100 vim slit width the 
resolution is about 0 7 cm lower than the one at 200 ym. 
On the Stokes side the frequency scale of the monochromator is calibrated 
against 45 identified plasma lines from the Ar-lon discharge tube. For this pur­
pose a rod, which can be moved easily inside or outside the laser focus, reflects 
the plasma light towards the imaging lens Ц . By comparing monochromator 
readouts with literature values of Ar-lon emission lines [1] the calibration is ob­
tained. The density of identified plasma lines in the Stokes frequency region 
makes a calibration possible with a 0 3 cm uncertainty. The band origin of a 
Q-branch can be determined with a 0 5 cm uncertainty but this is of course 
somewhat larger for the Q-branches with a low signal to noise ratio. For the 
strongest plasma lines even the Rayleigh scattering is efficient enough for them 
to be seen m the spectrum. Therefore one has to be very careful not to con­
fuse plasma lines with very weak Raman signals. To verify the Raman character 
17 
of the scattered light experimentally, we stop the 488.0 nm laser radiation by 
simply misaligning (or blocking) the far end of the laser cavity. In this way all 
Raman signals vanish while the plasma light background remains essentially con­
stant. 
The transmitted part of the dispersed light is imaged, by a lens, on the 
cathode of a cooled photo-multiplier-tube ( p . m . t . ) Two different types are 
used with different spectral sensitivity characteristics and dark signals The 
f i rs t p.m.t. has an extended S20 sensitivity curve (EMI model 9862B/350) and is 
operated at 1800 V with a dark signal of 5 counts/s The second is especially 
red sensitive (Hamamatsu model R943) and is operated at 1800 V with a dark 
signal of 15 counts/s The advantage of the EMI ρ m t . is its low darksignal 
but the Hamamatsu is better when measuring weak Raman signals with a large 
red shift The electron bursts from the p.m t . are registered by the pulse 
counting detection system (Ortec Brookdeal model 5C1) Before the pulses are 
counted they are amplified 200 times and then selected by a pulse height analyz­
er (model 5C14) with a 0.5 V window at 0 1 V threshold. The count rate can be 
plotted on an x-t recorder by using the analogue output channel A micro­
processor ( f i rst a Rockwell model Aim 65, later an Apple model 2e) controls the 
scan and reads out the digital output channels of the photon counting system. 
In this way the measured spectra can be manipulated to render the data avail­
able on an x-y recorder, a screen or a numerical pr inter; they can be stored al­
so on a floppy disk. During a scan the data can be plotted loganthmiccaly on 
the x-t recorder which is extremely useful when recording long survey spectra 
4 
in which the intensity may vary by a factor 10 . 
If one wants to compare measured intensities at different frequencies ( i .e. 
Raman shif ts), a calibration of the transmission of the optics of the Raman spec­
trometer m combination with the sensitivity of the p.m.t. is needed. Therefore 
18 
a standard source of radiation is required with a well defined area of uniform 
brightness. The most convenient calibration standard is a tungsten ribbon lamp 
(Philips model W I G W I l i nr 362), the radiant intensity of which is known as a 
function of the emitted light frequency and the temperature of the filament. Its 
deviation from the black body radiator is described by de Vos [ 2 ] . Perpendic­
ular to the ribbon the light is not polarized at all The electric current through 
the band was kept constant within 0.2oo of its value which was determined with a 
lo uncertainty by measuring the voltage across a 10Ω (1°o) resistor. The uncer­
tainty in the temperature can be estimated to be 10K from the calibration in 
which the temperature is given as a function of the current through the lamp. 
The radiating band was imaged on the entrance slit of the monochromator by use 
of the index which was pointing to the middle of the band; the position of the 
lens L. was unchanged with respect to the Raman measurements to prevent imag­
ing effects (e.g. different illuminating of the gratings)from disturbing the mea­
surements The internal consistency of the measurements was tested for 
different ribbon temperatures between 1600 К and 2400 K. Because a ribbon 
lamp is a broad band radiator, the resultant sensitivity curve (in which the 
black body radiation is corrected for the emissitivity of tungsten) is a measure 
of the total spectral transmission times the instrumental linewidth. Thus for the 
determination of intensities of either broad Q-branch structures or narrow sin­
gle lines one has to take this into account. In practice, in measuring the rather 
broad Q-branches a correction with respect to the linewidth is not necessary. 
The resultant experimental error in the sensitivity curve is about 10oo, yielding 
a 15o error in the relative intensities In the case where the EMI (Hamamatsu) 
p.m.t. is mounted at the spectrometer the transmittivity is largest at 21600 cm 
(19000 cm"1) and the two half points are at 17900 cm"1 (15750 cm"1) and 23800 
cm (22800 cm ). These measurements are carried out using unpolanzed 
19 
l i g h t . T h e r e f o r e an addit ional correct ion has to be made f o r the polarized Raman 
signals ( i . e . in the case of Q - b r a n c h e s ) , because the transmission is also de­
pendent on the polar izat ion of the detected l i g h t By us ing a polaroid f i l t e r t h i s 
dependence was d e t e r m i n e d . 
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Fig.1 The experimental apparatus. 
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2 THE MOLECULAR JET WITH CO--LASER EXCITATION. 
The cell measurement arrangement can be changed to perform a jet exper­
iment. On top of the cell a mounting is positioned to hold a nozzle in the vertical 
position in such a way that it can be moved m all directions. In practice, it is 
positioned right above the laser beam focus at a variable distance ( x ) . The 
stagnation conditions of the gas are characterized by the pressure Ρ and the 
temperature Τ at the nozzle. The gas expands through a pinhole (diameter 250 
3 
]im) into the vacuum chamber which is pumped by a roots-pump (500 m /h) 
3 
backed by a motor-pump (25 m / h ) . The background pressure is 0.7 Torr at 
Pn-7 atm. During the expansion which takes place adiabatically, a large rota­
tional cooling is observed. By varying x, the molecular jet conditions can be 
monitored at various downstream positions through the rotational and vibrational 
Raman spectra [ 3 ] . 
The line tunable cw CO^-laser (home made) emits a beam (2w =0.7 mm, 
¿ о 
-2 
e -waist) of IR radiation which enters the cell through an anti-reflection coated 
ZnSe window (W_). It is focussed by a ZnSe lens L- (f=80 mm) yielding a sharp 
-2 focus of 2w = 0.4 mm, e -waist at the molecular beam axis. The two laser beams 
о 
cross each other at an angle of about 48 . The possible CO--laser wavelengths 
are situated around 9.5 ym and 10.5 ym corresponding to the (00 1-02 0) and 
(00 1-10 0) vibrational transitions of the CO- molecule accompanied by Ρ (Δϋ=-1) 
and R (AJ=*1) branches. The average spacing of the lines is about 1.5 cm 
yielding a resolution of at most 2.5 cm in the IR absorption spectrum. The 
power ranges from 30 W for the strongest lines to a few W for the weakest lines. 
Because of the mounting of lens L~ in a three axis micrometer adjustment, not 
only is the positioning of the laser beam on the molecular jet axis possible, but 
21 
also the distance f rom the nozzle (or A r - l o n laser beam focus) can be contro l led 
by a simply t rans la t ion of the lens 
To be able to detect the exci tat ion of the molecules in the expanding je t , 
the CO^- laser beam is modulated by a mechanical chopper (33Hz) and the Raman 
signals f rom the p . m . t . are detected phase sens i t ive ly by the synchronous sam-
pler (5C21) which is an opt ion to the photon counter With the CO-- laser beam 
and the A r - l o n laser beam coincid ing at the same var iab le posit ion below the 
nozzle, one can record the IR absorpt ion spectra at d i f f e ren t rotat ional temper-
atures in the molecular beam by detect ing the modulated Raman s igna l , by 
changing the CO„- laser f rom line to line one obtains the IR absorpton spectrum 
If the foci do not co inc ide, i.e if the CO.- laser beam focus is posi t ioned be-
tween the nozzle and the A r - l o n laser beam focus , i t is possible to measure re-
laxation effects of exc i ted molecules [4 ,5 ] Here, the time of f l i g h t of the 
molecule t r ave l i ng f rom the exci tat ion zone to the p rob ing zone is used to deter -
mine the relaxat ion t imes. 
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CHAPTER 3 
VIBRATIONAL OVERTONES OF THE HOMONUCLEAR DIATOMICS (N,. 0 2 > D2) 
OBSERVED BY THE SPONTANEOUS RAMAN EFFECT 
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Wilh j powerful 500 W Ar* User intracivity arrangement at wavelength 488 nm spontaneous LW Raman spuctra of the 
fundamental and first overtone vibrations are recorded for the homonuclear diatomic moLcules N, О and D From the 
measured Raman intensities values for α / α are extracted and compared for D2 and N, to ah initio calculations 
1 Introduction 
In contrast to infrared spectroscopy overtone tran­
sitions are seldom observed in Raman spectroscopy, 
due to its inferior sensitivity and limited resolution 
[1,2] However, the selection rule Δ7 = 0 may give 
rise to an intense Q branch structure Furthermore, 
molecules with inversion symmetry possess Raman 
allowed vibrational transitions which are IR inactive 
and vice versa 
For polyatomic molecules some overtone transitions 
can be enhanced by anharmomc resonances with 
neighbouring fundamental transitions and may be 
easily observable [1,3,4] Such enhancements are not 
possible for diatomic molecules As noted by Herzberg 
[5], and even until now, no Raman observations of 
vibrational overtones of diatomic molecules have been 
published 
In this investigation we discuss the observed Q 
branches of vibrational overtones u' = 2 *- u" = 0, 
Δ/= 0 in simple homonuclear molecules (N2, O2 and 
D2) Since the various vibrational-rotational energy 
levels are known very accurately, we concentrate on 
the ratio of intensities between overtone and funda­
mental Raman transitions 
In section 2 we describe our apparatus and exper­
imental procedures and present the experimentally ob­
tained fundamental and overtone spectra 
Work supported by Slichting voor Fundamenteel Onderzoek 
der Malerte (FOM) 
In section 3, employing Placzek's polarizabihty 
theory combined with the Dunham expansion, we 
present simple analytical expressions relating the 
overtones and fundamental intensities to the depen­
dence of the polarizabihty on the mternuclear distance, 
r Ratios of the second and first derivative of the po­
larizabihty are derived from the measurements 
Section 4 contains a comparison of our results 
with those from ab initio calculations 
2 Experimental procedures and results 
Since extensive descriptions have appeared else 
where [6,7], an outline of our apparatus will suffice 
The experiments are carried out in a cell at 1 atm 
pressure at room temperature As the source for the 
spontaneously scattered Raman light an intracavity, 
sharply focused (1/e2 waist diameter *50 μιτι) cw 
Ar-ion laser arrangement is used (λ
α]Γ = 487 986 nm, 
VQ = 20486 7 c m - 1 , about 500 W intracavity power) 
Its sharp focus is imaged on the entrance slit of a 
Ramanor HG2S double monochromator of Jobin-
Yvon with//8 optics A linear magnification (4 X, 
obtained with a lens, ƒ = 80 mm focal length, diameter 
45 mm) matches the laser focus to the entrance slit 
of the monochromator (200 /jm X 2 mm) which is 
mounted parallel to the laser beam axis By placing 
a spherical mirror opposite to the lens, an increase 
in Raman light collection efficiency of almost a factor 
of 2 is obtained The total space angle from which 
0 009-2614/85/$ 03 30 © Elsevier Science Publishers В V 
(North-Holland Physics Publishing Division) 
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light is collected amounts to about 0 3 sterad All 
experiments have been carried out with the entrance, 
exit and intermediate monochromator slits given a 
width of 200 ^m, yielding a spectral resolution (fwhm) 
dependent on the selected frequency [e g , 2 1 c m - 1 
at 632 8 nm (Raman shift 4687 8 cm ' ) and 2 4 
c m
- 1
 at 489 6 nm (Raman shift 61 8 cm" 1 ) ] A 
photomultiplier with S20 extended spectral response 
characteristics (EMI 9862B-350) has been used as 
the detector, its output is fed into a counting system 
(Ortec Brookdeal 5C1) controlled by a minicomputer 
(Rockwell-Aim 65, 64 kbyte) 
The Q-branch spectra presented in figs 1,2 and 3 
are taken as computer-controlled single scans as 
function of the Stokes-Raman shift Δν(ιη c m - 1 ) 
Pure gases of commercial quality (impurity less than 
0 1%) were used Sampling times of typically 1 s for 
the fundamental and 5 s for the overtone were used 
for every step (step-length 0 2 c m - 1 ) to yield a satis­
factory signal to-noise ratio 
Fig 1 shows the rotationally unresolved vibrational 
£6200 ¿6250 (6300 46350 
N 2 ( V - 1 — V - 0 ) 
23350 
Δι/Ïcm 4 
Q-branch spectra of N2 The asymmetric peaks with a 
pronounced tail to the smaller Δ ν side are caused by 
the decrease of the rotational constant after vibrational 
excitation B
u
 = B
e
 - a
e
(v + Ϊ ) + with a
e
 > 0 The 
Raman shift for an individual Ime/,Δ/= 0, is thus 
a
e
J(J+ I) cm l for the fundamental and 2а
е
У(У+ 1) 
c m
- 1
 for the overtone, with respect to the band origin 
The observed bands reflect the Boltzmann distnbu 
tion over the initial levels (v = 0,J) at room temper­
ature For N2, oi
e
 = 0 0187 c m - 1 , the overtone shows 
some partially resolved rotational structure We note 
that indeed the full width at half maximum of the 
fundamental (2 S cm~ ' ) is half that of the overtone 
(4 8 c m - 1 ) 
For O2 (electronic ground state Χ 3 ΣΓ) nuclear 
spin statistics demand odd rotational quantum numbers 
N only The spacing between rotational lines is there­
fore larger than for N2 For O2, fig 2, The funda­
mental (lower panel) and overtone (upper panel) show 
0j(V-2— V -0) 
-w-'V/ 
30700 3075 0 Э0ВО0 30850 30900 
02(V 1*—V 0) 
Í 
A 
/ \ 
1 \ 
V 
15450 15600 
ûi/(cm ') 
Fig 1 Raman spectra of the Q branches of the fundamental 
(lower panel) and 1st overtone (upper panel) of N2 
Fig 2 Raman spectra of the Q branches of the fundamental 
(lower panel) and 1st overtone (upper panel) of Oj Note the 
partially resolved rotational structure especially of the 1st 
overtone 
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D 2 ( l 2 — ν 0) 
t ^ 
δβίΟΟ 5835^ SeSO^ 
D j ( V I — V 0 ) 
5 Б5С Ь вОО 
h 
Î950C 296СЭ 29700 29 0 0 299v0 3O0C0 
Л И с г л ) 
big 3 Totally resolved rotational structure in the Q branch 
of the Raman spectrum of the fundamental (lower panel) and 
1st overtone (upper panel) of D^  
partially resolved rotational structure (a
e
 = O 01579 
c m
- 1 ) The bump at 1542 cm ' is the Q branch of 
the 1 6 0 1 8 0isotope(0 4%) 
Fig 3 shows the fundamental (lower panel) and 
overtone (upper panel) spectra of Dj Due to the 
large at = 1 0492 c m
- 1
 value, both Q branches are 
resolved The peaks with the highest shift (J = 0 at 
2993 7 c m - 1 for the fundamental and at 5868 8 
c m
- 1
 for the overtone) correspond to the band origin 
The anharmonicity of the internudear potential causes 
the overtones of D2 (and N2 or O2) to be measured 
at Raman shifts which are less than twice the funda­
mental frequency 
From the observed spectra we determine the in­
tegrated band strength (in c m - 1 counts/s) In the case 
of Dj the intensity (counts/s) of the single line AJ = 0, 
J = 2 is taken as the Raman strength of the funda­
mental and overtone Because the transmittmty of 
the Raman spectrometer is a function of frequency, 
we have performed a calibration with a light source 
with a known wavelength-dependent intensity dis­
tribution A calibrated tungsten ribbon lamp of which 
the temperature is known as a function of the current 
through the ribbon was used By stabilizing the current 
to 3 147 A a temperature of 1800 К ± 7% was reached 
Using the emissmty of tungsten, determined by de 
Vos [8], yields the transmittivity with a 10% un 
certainty over the frequency region 13500 to 20500 
c m
- 1
 For the polari7ed Raman light and the un 
polarized ribbon emission, the difference of trans­
mission characteristics of the optical components 
(including the monochromator) has been taken into 
account For light polarized parallel and perpendicular 
to the laser excitation field the transmission ratio was 
estimated experimentally by shining the light of the 
ribbon lamp through a polaroid polarizer and comparing 
the monochromator output at various wavelengths for 
the two relevant polarization directions Hence we 
can determine the intensity ratio of overtone and 
fundamental transitions The second column of table 
2 displays the measured intensities integrated over 
their line profile (in c m - 1 Mcounts/s) The third 
column gives the intensities corrected for the spec 
trai transmittmty of the spectrometer and normalized 
to the intensity of the fundamental transition The 
accuracy reached in the intensity ratio is mainly lim­
ited by the calibration procedure and is estimated to 
be better than 35% 
3 The vibrational (overtone) intensity of a Q branch 
expressed by molecular electric polanzability tensor 
elements 
Before we calculate the Raman transition matrix 
elements for the rotational lines in the Q branch of 
the fundamental and first overtone, we need expres­
sions for the ro-vibrational wavefuncttons of the vi 
brational ground, first and second excited states 
From emission spectra the molecular constants have 
been determined for the different diatonucs (9], see 
table L 
The internudear potential f/(in c m - 1 ) is written 
as a series expansion of the displacement from the 
equilibrium internudear distance r
e
, 
£/(ί) =
 β 0 ( ί 2 + β ι ί 3 + α 2 ξ 4 + ) > ( 1 ) 
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Tabic 1 
Molecular conslanls (in cm"1 (9|) for the homonuclear di­
atomics N2,02 and Dj 
N2 O2 D2 
"е*с 
"e^c 
«c 
"e 
electronic 
ground state 
2358 57 
14 324 
-0 00226 
1 99824 
0 017378 
X% 
1580 19 
11 98 
0 0475 
1 44563 
0 0159 
Χ
3
Σ; 
3115 50 
61 82 
0 562 
30 444 
1 0786 
Χ'Σ* 
with the dimensionless parameter £ defined by 
í = ( r - r e ) / r « . (2) 
Expression (1) is the Dunham expansion [13]. The 
ro-vibrational levels are described by 
£(υ )/)=ωε(υ+^)-ωΛ(υ + ΐ) 2 
-ae(ü + è)A./+l)+.... (3) 
All coefficients on the right-hand side of (3) are in 
cm""1. The quantum numbers ν and ƒ specify the 
number of vibrational quanta and the angular mo­
mentum, w
c
, ω
β
Λ·
β
, íútye,Bt and a e are molecular 
constants. With expression (3) and table 1 the band 
origins (table 2, first column) are calculated. The two 
terms linear in (υ + \) and J(J + 1) represent the zero-
order energy levels of Ihe rotating harmonic oscillator. 
As demonstrated by Dunham [13], the molecular 
constants in (3) can be related to the force constants 
in (1). In the approximation that5
e
/td
e
 < 1 one finds 
a 0 = а>2/4Де , a, = - ( 1 + ueaJ6B¡), 
The correct wavefunctions for the molecular vibrational 
eigenstates | u> can now be expressed as a series of 
harmonic-oscillator wavefunctions |и); to first order 
in perturbation theory one finds 
|и = 0 ) = | л = 0> + Л ( - 3 | я = 1 > - 5 б|и = 3>) 
+ B ( - 3 N / 2 | n = 2 > - ^ N / 6 Ì / i = 4>), 
|υ=1>=|η = 1> 
+ Л(3|п = 0>-б 2|л = 2>-І /6|л = 4>) 
+ Д(-5 б|л = 3>-^ /з5|л = 5>), 
|и = 2>=|л = 2> 
+ Л ( 6 > / 2 | и = 1 > - 9
ч
/ 3 | л = 3 > - !
ч
Л 5 | и = 5 » 
+ Я(З 2|п = 0 ) - 1 4 З|и = 4 > - § Ю|/і = 6>), 
(5) 
Table 2 
Measured and theoretical Raman intensities for the fundamental and overtone band of the homonuclear diatomics N2, O2 and D2. 
The band origins have been calculated with the constants of table 1 
N2 fundamental 
1st overtone 
O2 fundamental 
1st overtone 
D2 fundamental 
1st overtone 
Band origin 
(in cm"1 ) 
2329.9 
4631 2 
15564 
3089.2 
2993.7 
5868.8 
Raman intensity3' 
(cm"1 Mcounts/s) 
1 208 
0 000335 
1620 
0 000237 
0 478 
0 0000997 
Normalized Raman 
intensities 
1 
(8 6±3.0)X IO'4 1» 
11.1 χ ю - 4 0 ' 
1 
(2.5±0 9)X10-' b> 
1 
(1 1 5 i 0 40)X IO"3 1" 
2 . 4 9 x l 0 - 3 d ' 
2 96 X 10"3 e ' 
a ) For D2 the Raman signals of the resolved structure of the Q branch of J = 2 were 0.308 Mcounts/s for Αυ - 1 and 55 counts/s 
for Av = 2 transitions respectively. 
*" Observed value corrected for monochromator and photomultiplier response 
c
'Calculated from ab initio results of |10 | as bsted in table 3 using (12) and (13). 
<1
*ldem, but using data of [11 J, as in table 3 
e
' Calculated with (11 ) using ab initio matrix elements for α and у as obtained in rcf [ 12]. 
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with 
Λ = ^ 1 ( 5 6 / 4 ) 1 / 2 . B = UiBj4 
In the molecule fixed symmetry axes the polariz-
ability tensor a of a diatom is defined as 
ία, Ol 
Its invariants under rotation are the isotropic part of 
the polanzabihty, 
а ^ ^ + г о ^ ) , (7a) 
and the anisotropic part of the polanzabihty, 
γ = ац — α^ (7b) 
These quantities α and γ can be expanded in the 
dimensionless vibration coordinate ξ, 
α = α 0 + α'ξ + J α" ί
2
 + , 
T=To + Ví + b " í 2 + . (8) 
with 
α 0 = αα = 0), а' = ас</Э||с=0) 
a " -32 a / 3Ç2 | E = 0 , 
and 
To = 7« = 0) , γ' = 3γ/3ξ1
Ε=0 , 
Г" = Э
27/Э£2 |£=0 
£Ц) can be derived from the absolute intensity of the 
pure rotational Raman spectrum and ot' from the 
fundamental vibrational Raman transition The con 
tnbutions of the centrifugal distortion to the inter-
nuclear potential 
[/
ς<1(ξ) = α 047μ+1)(Α 6/ωβ)2 
Χ ( 1 - 2 £ + 3 ξ 2 - 4 ξ 3 + 5£ 4+ ) (9) 
were shown to affect the relative strength of the lines 
of the S{J) and 0(У) branches of the vibrational 
(overtone) Raman spectrum (Buckingham and Szabo 
[14], providing a "direct" determination of γ'/γ 
(У/У) [15.16]) The inclusion of ί/^ξ) to the 
perturbation scheme of (3) and (4), will cause the 
vibrational eigcnfunctions |u> to become slightly 
/-dependent, ι e \v,J) We demonstrate that d'Ici 
can be extracted from the relative intensities of the 
fundamental and first overtone Raman Q branch 
transitions 
According to Placzek and Teller [17] The Raman 
intensities of the rotational lines, Ι
υ
^0 in the Q branch 
of the vibrational transition originating from the υ = 0 
level are proportional to 
'«и-0 α ( ' Ό - "Ou)4 
Χ Σ (2J+l)-1<v,JTM'[ajk\v = 0J,M)\2 , 
м.«
 ( 1 0 ) 
CQ IS the frequency of the Raman laser, and ν0υ the 
energy difference between final and initial states (i e 
"θ
 _
 "Ου
 l s
 '^
6
 f r e q u e n c y 0f t*10 scattered light) a.^ 
is an element of the polanzabihty tensor defined in 
a space fixed frame and Λ/ (M') represent the quantum 
numbers of the projection of the molecular angular 
momentum along the quantization axis before (after) 
the Raman excitations The summation Σ ^ w (2J+\)~l 
in front of the squared transition matrix elements rep­
resents an averaging over the random orientation of 
the molecules in space Conforming to the usual 
procedure (e g , ref [3] ) and because of the tensor 
properties of a (see eqs (6) and (7)) it is possible to 
reduce the summation over the squared matrix ele 
ments of (10) to two contributions the isotropic 
one |(и,Ла|и = 0,У>|2 and the anisotropic one 
|и,Л7Іи = 0,/) | 2 The M-quantum numbers have 
been dropped since a and у do not depend upon the 
spatial orientation of the molecule The relative con­
tribution to the Raman signal of the two terms is dic-
ated by the configuration of excitation and collection 
jptics and light beams In our apparatus both polar-
zations (i e parallel and perpendicular to the laser 
beam polarization) of the light scattered from the 
mtracavity laser beam essentially perpendicular to 
its direction of propagation and polarization (see 
section 2) are collected (yielding the so called 90° 
observation geometry), one obtains for the Q-branch 
Raman intensity 
/ u - O ^ O - ^ O u ) 4 
Χ(|(υ,/ |α|υ = 0,/>|2 + ^ 5 , | ( υ , 7 | γ | υ = 0 , Λ | 2 ) , 
( И ) 
with Sj = J(J + l)/(2./ + 3)(2J - 1) The relation be­
tween /„^Q and the dcnvatives of (8) is obtained by 
the calculation of the matrix elements with respect 
to the vibrational dependence (i e we have to integrate 
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over the vibrational coordinate ξ) of the anharmonic 
wave! unctions of (5) Inspecting the various terms \n 
of the expansions (3) and (9) one has to keep in mind 
that 
(1) Ц_(і(|) is identical for initial and final states be 
cause of the &J = 0 selection rule For an ortho 
normal basis set the vibrational wavefunction yields 
(і;'|аоІ1' = 0 > = О Г о г и ' ^ 0 
(2) The polanzability term α'ξ (and also y'í) 
provides the leading term of the Δυ= 1 transition, 
<n = Ι,/Ια'ϊΙη = 0.7> = (Д
с
/ы
е
) 1/ 2 a' Since 
(Д
е
/ш
е
) 42 < 1 (see table 1 ) higher-order contr butions 
(from, e g , a") induced by the perturbed wave-
functions (including the centrifugal distortion of (9)) 
yield terms containing [(f i
e
/w
e
) 1 / 2 ] ' : with k>2 and 
are neglected 
(3) The second derivative of the polanzabilily 
contributes directly to the overtone Δυ = 2 transition, 
(n = 2J\\ a"t2\n = 0J)=2-42a"BJu>
e
 The 
first derivative a' also provides a contribution to the 
overtone matrix element by first-order perturbation 
of the harmonic wavefunction through potential terms 
ί"
1
 with m = 3,5 The terms with m = 3 yielding 
<u = 2,J\aÇ\v = 0,J>= 2' V2 aa1BJioe provides 
the lowest-order term in (Β 6 /ω 6 ) 1 '* Higher orders 
of m as well as higher order perturbation theory 
only produce terms proportional to higher powers 
of (Sj/cdç)1'2 and are consequently dropped * Eval-
uation of( l l)yieldsforthe fundamental υ = 1 *-u = Q 
Q-branch intensity 
and for the overtone (u = 2 <- и = 0) 
Л - О ^ О - ^ ) 4 ! ^ / « . ) 2 
Χ [(ΰ" + β 1 α ' ) 2 + Μ ( 7 " + « 1 γ ' ) 2 ] (13) 
Inspecting (12) and (13) one notices that the con­
tribution of anisotropic Raman scattering is heavily 
suppressed by the factor ¿ 5
У
« ш for larger In 
the spectra of D2 (fig 3) absence of/-dependence 
has been found for the relative strength of rotational 
lines in the Q branch of the fundamental and over 
tone transition This is evidence for negligible con­
tribution of the/-dependent part to the total Raman 
* Employing an elegant procedure, Ogilvie and Tipping [181 
have obtained analytical expressions for <u,/It'lu , J >gen 
erated by computer algebra 
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intensity burthermore, after placing an extra polarizer 
in front of the collecting optics we were unable to 
detect any depolarized Raman light within the ex­
perimental error From ab initio calculations of y 
forH 2 [ l l ] , f o r H 2 a n d D 2 [12] and for N 2 [10] 
just a small contribution of the depolarized light to 
the total intensity of the Q branch is expected There­
fore neglecting the small anisotropic contribution we 
obtain for the intensity ratio of overtone and funda­
mental the expression 
W ' l - O = (("0 - *2)4/(4> - "Ol )4KBJ2u
e
) 
X («J + a"/«»')2 (14) 
4 Results and discussion 
In table 2 we have listed the experimental values 
of/2<_ο/Λ*-0 fo' N 2 , 0 2 and D 2 corrected for in­
strumental effects (see section 2) Berns and Wormer 
[11] for H 2 and Langhoffetal [10] for N 2 have 
performed ab initio calculations for the dependence 
of the static polanzabilily (a and y) upon the inter-
nuclear distance of these molecules From a fit to 
their data values for a", a', y", у have been extracted 
and are listed in table 3 Using the full equations (12) 
and (13) a value ^olh^O = 2 49 X IO" 3 for D 2 
and 11 1 X 10 4 for N 2 is obtained Experniientally 
we observed/2^0//1 <.0 = ( l 1 5 ± 0 4 0 ) X IO" 3 for 
D 2 and (8 6 ± 3 0) X IO" 4 for N 2 The value for D 2 
is considerably different from theory, whereas for 
the more complicated N 2 molecule one finds agree­
ment within the experimental uncertainty The dif­
ference between experiment and ab initio values for 
D 2 could possibly be due to the cut off after the 
(Bu/cjg)1/2 term of the expansion (5), higher-order 
terms could be appreciably larger for D2 (sec table 1) 
Fortunately Hunt et al [12] using the polanzabilily 
data of Kotos and Wolmewicz [19] have published a 
non-perturbative calculation of the matrix elements 
<u',/|a| iu,/)and<u',/|a 1 |u>/) Insertion of these 
last matrix elements into (11) allows a direct cal­
culation of І2~оІІі<-0 = 2 96 X I O - 3 and con­
firms the validity of the perturbation treatment From 
experimental values of/2 <_Q//J^Q one Is able to ob­
tain a value for Iflj +a"lot\ with (14) when one neglects 
the (weak) contribution of anisotropic Raman scat­
tering The two possible values resulting for a"¡a' 
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Table 3 
Ab initio values for α', a", 7', τ " (m A 3 ) and then ratios are compared with experimental values calculated from the measured 
Raman intensities (table 2) The preferred experimental values arc underlined for convenience The values of β] calculated with 
the constants of table 1 have been listed also 
or' ab initio 
at" ab initio 
7' ab initio 
y" ab initio 
α"/α' ab initio 
ab initio 
experiment 
experiment 
y"ly' ab initio 
ab initio 
experiment 
αϊ from table 1 
N2 
0 90 a ) 
0 93 ь ) 
0 51 a) 
0 44 b ) 
0 7 3 a ) 
0 7 5 Ь > 
1 1 1 a ) 
1 07 b ) 
0 57 a) 
0 4 7 b ) 
0 91 *0 12 or 
2 3 0 ± 0 1 2 d ) 
0 9 0 i 0 12 or 
2 3 1 ± 0 1 2 e ) 
1 5 3 a ) 
1 4 2 b) 
1 5 7 ± 0 5 ο 
- 1 607«) 
1 89 е ) 
1 04 е ' 
2 0 7 е ) 
2 74 е ) 
0 55 е ) 
О 85 + 0 33 ог 
4 5 8 t 0 3 3 d ) 
0 83 1 0 33 or 
4 60 t 0 33 е ) 
1.33 е ) 
- 2 711?) 
2 12 t 0 15 ог 
3 8 9 * 0 1 5 d ' 
-1607 8) 
a ) Valueobtauiedafter fitting (8) to table 6 of ref [11] ") Effective values derived from polariza bility matrix elements of ref [12] 
e ) Values derived from fitting (8) to table 4 of ref [10] d ' Value from this work using (14) 
e ) Recommended value from this work using (12) and (1 3), inserting a', 7', 7" values of ref [ 1 2\ 
О Value determined from higher-order anharmonic effect in О and S-branch asymmetry in и = 1 »-u = 0 Raman transition [16] 
B) Value offlj obtained with (4) using constants of table 1 
have also been tabulated in table 3 together with the 
value of a"la' obtained from the full expressions (12) 
and (13), using ab initio values [12] for y'/a' and y"/a 
(the matrix elements {v,J\a\0,J) and ( υ , / | γ | 0 , / > 
have been "deconvoluted" into the effective values of 
a',ct",y',y" to be used in (12) and (13), see table 3) 
As argued in section 3, the difference between both 
treatment is much smaller than our experimental 
accuracy The finally recommended values for a'/a' 
are a"/a' = 0 90 ± 0 12 for H 2 , 0 83 ± 0 33 for N 2 
and 2 12 ± 0 15 for O2 From the ab initio calculations 
we derive (see table 3) a"/a' = 0 57 [11] and α"/α' = 
0 47 [ 12] (effective value) for H 2 and a"¡a' = 0.55 
[10] for N2. Although the ab initio polanzabilities 
reflect the static situation the corrections to the 
frequency-dependent Raman experiment have been 
estimated to be small for γ, γ ' and у" [15,16] 
Discrepancies of similar magnitude between ab initio 
and experimental Raman values for y'/y of N j have 
been reported by Langhoff et al [10]. Apparantly 
the accuracy of both theory and experiments needs 
to be improved. Although all is not understood, we 
believe we have shown that vibrational overtone 
spectra of the non-resonant spontaneous Raman 
effect for diatomic molecules can be observed and 
interpreted quantitatively 
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CHAPTER 4 
RAMAN OVERTONE SPECTROSCOPY OF ETHYLENE ' 
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Fysisch Laboratorium, Katholieke Universiteit Nijmegen, Toernoowelä, 6525 ED Nijmegen, The Netherlands 
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For ethylene (СгНд) overtone Raman Q-branches have been measured between 800 and 6300 cm" 1 The observed bands 
amongst which transitions as weak as 10 4 limes the Raman »Ί intensity are assigned Anharmonic resonances manifest 
themselves in enhanced Raman scattering intensities at band origins neighbouring a strong transition, e g for 21» ,^ ^ and v3 
and for 2i'12, Vi, 2^ 2 and »^  +2i' 1 0 For the out-of-plane modes 2i'B, 2i*7 and li^ this resonance has been found to be much 
weaker or even absent Even five triple and one quadruple combination band could be assigned The band ongin of 
»»4 + fj =1964 ±2 cm l (species B l g) has been obtained from the Δ К = 2 transitions 
1. Introduction 
Ethylene has persistently excited the interest of 
spectroscopists [1]. It is a relatively simple planar 
molecule of Vb symmetry possessing only non-de­
generate species of vibration: A g, B l g, B^ and B3g 
are Raman active, В1и, ^ and Взи are IR active 
and A
 u
 is totally inactive. 
The C2H4 molecule possesses four H-C 
stretching modes around 3000 c m - 1 (v1(Ag) = 
3021.2 cm" 1, M B i g ) = 3083.4 cm" 1 , c,(B2u) = 
3105.0 cm" 1 and >-!,№„) = 2988.6 cm" 1 ), two 
in-plane Η-C bending motions (symmetric and 
asymmetric scissor modes v}(At) = 1343.5 cm" 1 
and і'12(Взи) = 1443.5 cm" 1 ) , two out-of-plane 
Η-C bending motions (symmetric and asymmetric 
butterfly modes, ^(B,,,) = 948.8 c m " 1 and 
CgiBjg) = 940.1 cm" 1 ), two in-plane [J^C swinging 
motions (symmetric and asymmetric combinations 
"IOCBJU)" 825.9 cm- 1 and »"6(8^)= 1222.0cm"1), 
the 0=C stretch vibration (c2(Ag) = 1625.4 cm" 1 ) 
and the inactive counter torsion of the two ends of 
C 2 H 4 around the C=C axis (>'4(AU) = 1026.4 
cm"
1 ) [2]. 
1
 Work supported by Stichting voor Fundamenteel Onderzoek 
der Matene (FOM) 
The higher excited levels of C 2 H 4 as de­
termined by us provide information which may 
become important for a quantitative understand­
ing of multiphoton excitation processes of this 
molecule 
The higher vibrational bands observed by means 
of the Raman effect cannot be detected as IR 
overtone dipole transitions, due to the mutual 
exclusion rule of transitions in a centre symmetric 
molecule like C 2 H 4 . An attractive feature of Ra­
man spectroscopy is the presence of many transi­
tions, possessing an isotropic polanzabihty matrix 
element leading to a Q-branch (Δ7 = 0, Δ ^ = 0 
transitions for a vibration of species A g ). 
Various neighbouring energy levels of A g sym­
metry may perturb each other by anharmonic res­
onances, e g. C3, »^ , ΣΡ,Ο and 2^,2, »2 + У}, V¡, 2І>2, 
"2 + 2>>w 
It is the aim of this paper to communicate the 
band origins of about twenty-five overtones and 
combination bands observed for the first lime, 
with low resolution of a conventional Raman spec­
trometer (fwhm = 2 cm" 1 typically). The special 
feature discussed in section 2 is the intracavity 
Raman laser configuration, enabling us to detect 
bands as weak as 0.3 X 10" 4 times the Raman 
active c, fundamental (i.e. 0.3 x 10" 4 Ι
λ
). 
0301-0104/85/$03.30 © Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 
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Z. Experimental 
The experimental arrangement has been de­
scribed before (4,5] In short, it consists of an Ar+ 
laser (Spectra Physics 170), its original output 
mirror being removed and replaced by two curved 
high-quality reflectors (R = 10 cm and R = 5 cm), 
mounted inside the sample cell and provided with 
a sensitive translation and tilting system Intracav-
ity powers of 500 W are obtained From the 
position of the Ar+ laser beam focus (2ω0 = 50 
μ m) the scattered Raman light is collected by a 
reflector (Ä=-5 cm) and a lens ( / = 8 un) and 
analysed by a double monochromator (Ramanor 
HG2S, Jobin-Yvon) followed by a cooled photo-
multipher with a red sensitive GaAs photocathode 
(Hamamatsu R943) A microprocessor (Rockwell 
Aim 65, 64 k) controls the monochromator scans 
and processes the data from the photon counting 
system (Brookdeal 5C1) 
The frequency scale of the monochromator to 
the Stokes side (488 < λ sï 755 nm) is calibrated 
against 47 plasma lines from the Ar+ laser [6] The 
accuracy achieved in this way is = 0 5 cm"' 
The relative intensities of the Raman bands 
were obtained from the measured integrated band 
strengths (in cm - 1 counts/s) and the wavelength-
dependent sensitivity of the Raman spectrometer 
determined with the help of a calibrated [7] tung-
sten nbbon lamp 
The Stokes-Raman spectrum was recorded up 
to 6300 cm"1 Raman shift with a scan velocity of 
10 cm"'/min (suney scan) For the interesting 
parts a computer scan was made using a velocity 
of 0 5 cm-1/111111 typically The cell pressure has 
always been 1 atm 
Our main interest has been centered on the 
determination of band origins from Q-branch 
structures Assuming a Q-branch to be formed by 
a very steep bandhead (Δ7 = 0 transitions coin­
cide if J is small) and a Boltzmann tail (AJ = 0 
transitions with large /), the ongin can be de­
termined by correcting for the instrumental con­
volution of the Raman spectrometer (fwhm = 2 
c m
- 1 ) The simple procedure applied consisted in 
adding (Δί,ο, > 0 ) от subtracting (Д£
г о 1 < 0) the 
instrumental hwhm to or from the frequency be­
longing to the intersection point of the half maxi­
mum band intensity line on the steep side of the 
Q-branch Неге, àE,ol is defined as the difference 
in rotational energy of the final and initial state 
for a Q-branch, in symmetric lop approximations 
one has for a rotational J, AT-state 
ИЕ
ІОІ
 = (В' - B")J(J + 1) + (A' - A")K\ 
which approaches zero for low J and К values 
3. Results and discussion 
In table 1 we have collected all our results 
concerning Q-branches, together with literature 
values for the fundamentals It should be noted 
that due to the significant increase of density of 
vibrational states from 5000 cm - 1 towards higher 
frequencies, the assignment of observed Q-
branches to vibration modes of species Ag be­
comes less obvious 
The column miensuy reveals the great variation 
in observed relative band strengths Note the en­
hancement due to anharmonic resonances between 
the fundamental (intensity lending) r, vibration 
and the (intensity borrowing) red-shifted transi­
tions close to the v, ongin, with a maximum 
distance of =300 cm"1, ie 2
 ъ
, 2ι>
η
, v1 + 
i>}, 2i>2, v-i + 2ΐΊο and ν
Ί
 + v% + v^ The same 
mechanism operates between the c3, C2 and the 
2
 ю
 transitions, the latter having a blue shift of 
10 2 cm ' The weakest (0 3 x 10"" l
x
) non-en­
hanced 2», overtone observed is the one with / = 5 
In the column anharmonic shift values are listed 
of the difference between the harmonic band origin 
and the band origin this work (all in cm"1) The 
harmonic band ongin kv, + h has been caculated 
from the quoted v, values for the fundamentals 
Large shifts point to resonant state mixing Re­
garding the column lineshape the fwhm of the 
observed Q-branches and Δ£
Γ α
, > 0 or < 0 are 
given Three different Q-branches of tnple combi­
nation tones are shown in fig 1, with rather differ­
ent lineshapes 
For c2 the commonly used literature value of 
the band ongin v2 = 1622 6 cm"
,
 is really а ( ?
т ш 
value from a probably overexposed photographic 
plate [13] Our value i>2 = 1625 4 cm"1 (band 
ongin) is 2 8 cm - 1 higher 
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Table 1 
Results from the СгН,, overtone Raman spectrum For explanation, see text 
Vibration 
mode 
Harmonic 
band 
ongin a ) 
(cm" 1 ) 
Band 
ongin 
this 
work 
(cm l ) 
Anhar 
momc 
stuft 
(cm" 1 ) 
Raman 
intensity 
relative 
to vl 
Lmeshape Remarks 
fwhm 
(cm ') 
»líBj,) 
»7(B lu) 
>·4(Α„) 
-»(В,,) 
'JÍA.) 
»І2(Вэ.) 
2»ιο 
2 ' . 
2 ' 7 
2-4 
2 » » 
1,2 + >') 
»11(B)») 
Ί ί Α , ) 
'»(B,,) 
" 9 ( 6 2 » ) 
21-2 
>·2+2»ιο 
»7 + »» + »іг 
»б + "io + »12 
» , + 2 » , 
» 2 + 2 ' 7 
' ' 2 + 2 " ' 4 
"9 + "10 
"S + ' i 
»I + 'J 
» I l + '12 
»l + »2 
>'l + 2>'8 
2»,, 
»1 + '2 + »3 
2>·4 + Г, + >· 1 0 
»г + »и + »із 
2», 
2's 
2 F , 
825 9 
9401 
948 8 
1026 4 
1222 0 
1343 5 
1443 5 
1622 6 
16518 
1880 2 
1897 6 
2052 8 
2687 0 
2887 0 
2968 9 
2988 6 
3022 0 
3083 4 
3105 0 
3250 8 
3277 2 
3332 4 
34914 
3505 6 
3523 0 
3678 2 
39310 
4305 4 
4364 7 
4432 2 
46466 
49014 
5977 3 
59901 
5983 7 
6057 6 
6042 4 
6166 8 
6209 9 
9401 
1343 5 
1625 4 
1662 2 
1880 9 
1898 4 
2046 4 
2685 3 
2877 3 
29616 
30212 
3236 6 
3276 2 
3327 3 
34801 
3496 9 
35144 
3658 7 
3926 9 
43101 
4360 9 
4407 7 
46318 
4887 1 
5939 4 
5953 7 
5960 3 
6036 0 
6056 5 
6138 
6197 0 
104 
0 7 
08 
- 6 4 
- 1 7 
- 9 7 
- 7 3 
- 1 4 2 
- 1 0 
- 5 1 
- 1 1 3 
- 8 7 
- 8 6 
- 1 9 5 
- 3 9 
47 
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 The harmonic band ongin for the overtone (kv^lvj) is calculated as kv^lVj in which the ρ, are the frequencies of the 
fundamental vibrations (1 =*1, ,12) For clanty wc note that the fundamentals v, (harmonic band ongin) are the expenmental 
positions of band ongins from Raman or IR measurements references are given under remarks 
b )
 The y
w
, νη and r4 values are from Herlemonl et al [8] 
c )
 The P9 spectrum was already published by us before [9] 
^ Our fg value agrees very well with the one of Lambeau et al [10] 
0
 The P4 value was taken from ref (11| (also used by Smith and Mills (12]) 
^ In calculating the harmonie band ongms we used the »Ί, І^ a n ^ »э values of this work 
8 >
 »2(ßinai)=,= 1*22 6 cm"1 of Feldman el al (13] is not in agreement with our value і^^ІбгаО cm" 1 , 2 i ' ) o ( 0 m a x ) — 1662 c m - 1 
agrees very well 
^ 2>', = 1899 7 4 6 c m " 1 was obtained by Lambeau el al [10] 
0
 ßmax values for lrn· »2 + »э a n d 2>'2. 2877 2, 2960 5 and 3239 4 cm" ' respectively, from ref [3], do not agree very well 
J )
 Also possible is i^ + r3 +2i»io with harmomc ongin of 6016 7 cm ' and thus a shift of - 5 6 4 cm"
1 
k >
 The bandshape of 2v
s
 is uncertain because the band is blended with an Ar* plasma line 
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RAMAN SIGNAL 
(ARB UNITS) 
ю- 'г 
/ 
г
> 2
 в 
\ У 
V 2 •2V, ι 
\ 
3S00 3510 3520 3530 
RAMAN SHIFT (cm 1 ) 
Fig 1 Raman spettrum of Cj H 4 between 3470 and 3530 cm 1 
showing three triple iones P6 + PÍ(¡ + vu (Ag 34801 cm i), 
V2+2t>t (AE 3496 9 cm 'jand ?2+2ι>η (AB 35144 cm ') 
with different band shapes The spectrum was recorded with 
2 4 cm 1 resolution 
The rather large shift of the combination band 
vi + v2 (shift - 1 4 8 cm " ') may be due to the fact 
that both the fundamentals ν
λ
 and v^ form part of 
a set of interacting levels, thus the calculation of 
the harmonic position of vl + г is rather unpre-
cise 
For convenience we calculated (cross-)anhar-
momcity constants X (table 2), using the 
anharmonic shifts of table 1 and the expression 
-Ση, χ,+(*,-!)*„+ Σ",*„ 
where v¡ is taken from the harmonic band origin of 
the a h fundamental vibration and n, is the num-
ber of quanta in the combination vibration 
(«], ,1,2) We only considered energy levels 
where one or two modes are excited Of course, 
this simple expansion does not take into account 
the existence of shifts due to anharmonic reso-
nances Therefore higher vibrational origins calcu-
lated with the help of table 2 should be used 
cautiously 
Values for Xtl from other sources are also indi-
cated in table 2 Earlier work from our laboratory 
resulted in a direct determination of some X^ 
from hot band spectra of ν
λ
, і^ and і>
г
 Q-branches 
Twice, different ways of calculating Х
ч
 values did 
not lead to the same results, such differences (e g 
Xji) demonstrate that one or more of the par­
ticipating levels (eg 2ν
η
, ^ or 2>'7 + i'2) are af­
fected by an anharmonic resonance The upper 
(lower) values of X
n
 and Χ
ιη
 aie recommended 
for levels containing an odd (even) number of 
Table 2 
The (cross )anharmonicity matnx Х
и
 (in cm - 1) of С^Нд 
Anharmonic constants X^ (cm ) 
71 
14 8 
-38 
14 0·> 
-90 
-ss·
1 
-77 
- 7 1 
- 7 3 
- 6 8 
- П О 
- 4 7 
- 4 8 
-56 
09 
OO" 
- 3 4 
33 b) 
- 3 2 " 
-SI '» 
- 8 2 " 
-98':> 
-144 
47 
36d> 
-01 Μ 
- 2 0 d l 
04 
- 1 1 ' 
63 
- 0 4 
0 7 « 
- 6 5 
- 3 9 52 
" Obtained from ref [9] b ) Obtained from ref [12] 
c)
 Preliminary value obtained from ref [15] ά) Value obtained from ref [16] 
el
 Value obtained from ref [10] " Value using 2ι·4 + p9 + у 
-190 
-24 5 
-49 
+
 "io 
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quanta in the v-, and c8 mode, respectively. 
Because the C-Η bending motion (like Р
и
) and 
the C-Η stretch motion (like e,,) show a large 
cross anharmomcity [17] it is not surprising that 
"и
 +
 "Чг possesses a very large shift ( -24 5 cm" 1 ) . 
The shift of 10.2 cm" 1 for 2v
w
 is influenced by 
the anharmonic resonance with the c, and ^ 
fundamentals. 
In addition two very broad bands were found 
i.e. 2i'10 (fwhm = 21.0 cm" 1 ) and i>2 + 2rw (fwhm 
= 11.3 cm" 1 ) . To test the origin of the 2v
w
 broad-
erung we have remeasured the transition in a 
molecular jet with nozzle diameter D = 250 μιη, 
stagnation pressure Р0 = 1 atm, stagnation temper­
ature T0 = 300 К and X/D = 1. Here X represents 
the distance nozzle- Raman laser focus. We found 
a strongly decreased fwhm of 4.5 c m - 1 . Fig. 2 
shows the observed spectra with some rotational К 
structure, ^-values indicate the rotational quan­
tum number of the initial state. The assignment is 
based on a calculation by Fayt [18], who used 
molecular parameters obtained from IR spec­
troscopy to determine sub-Q-branches for well 
defined K-values (Δ7 = 0). A Conohs interaction 
of 2i'1 0(Ag) with a level of species other than A g is 
held responsible for the observed broadening; the 
bands yA + ρ,,, (Bjg) or ι>Ί + PW (B3 g) are consid-
RAMM SIGNAI 
(ARB UNITS) 
1630 1635 1640 1645 1650 16SS 1660 1665 1670 
RAMAN SHIFT (cm-1) 
Fig. 2 2vi0 Raman specinim of C 2H4 The solid Une was the 
result of a room-temperature cell measurement, Ρ = 1 alm and 
resolution 1 c m - 1 Note the broad and pamally resolved 
rotational structure (see also text). To determine the band 
origin the same spectrum was recorded m a molecular jet 
(dashed une) Γ0 - 300 К, P0 = 1 atm, X/D - 1 and resolution 
2 c m - 1 Due to the free expansion the cooling gives a drastic 
change in the spectrum. 
ered as Coriohs partners of 2c 1 0 in ref. [15]. Simi­
lar effects occur for the i>2 + 2i'w (A g) band. 
A Q-branch-Uke band is observed at 1789.7 
cm"
1
, 0.23 x l O - " /„fwhm = 4.3 cm" 1 and Δ£·,
ΟΙ 
< 0. As to its Raman shift the assignment v1 + vi0 
(Вз8, 1775.3 c m - 1 ) seems reasonable. In first in­
stance, for a B3g band no dominant Q-branch is 
expected [14]. However, as mentioned above, Vy + 
pl0 shows a Conohs interaction with both 2yi0 
(A g ) and 21/-, (A g) states [15]; thus a symmetry 
mixing can give nse to transitions with AJ = 0 
and ΔΑ' = 0 (the selection rules for A g states) [18]. 
Rather complex is the state mixing involving 
the six vibrations close to the r, fundamental. 
Possibly ^ + ггд (shift—19.4 cm ') is pushed 
downwards due to the resonance with v, + i>10 
(shift -4.0 cm" 1 ) and к5 + c6 (shift 4.5 cm" 1 ) of 
which the latter is pushed upwards. 
The out-of-plane modes 2i'
e
, 2i>1 and 2 л - all 
roughly coincident with the fundamental in-plane 
C=C stretch i>2 - show almost no intensity en­
hancement due to anharmonic resonances. We hold 
the geometric difference between m- and out-of-
plane motions responsible for the absence of cou­
pling of these vibrations. 
We were able to assign the bands from K" = 6 
to 9 belonging to the Δ/Γ = 2 transitions of the 
lowest-lying non-fundamental vibration with Big 
RAMAN SIGNAL -
- (ARB UNITS) 
2Vt 
'^^WUJJJJ 
2000 2025 2050 2075 2КЮ 2125 
RAMAN SHIFT (cm-1) 
Fig. 3 Pan of the r, + », ( B l 8 ) Raman spectrum of C 2 H 4 
from 2000 to 2125 cm" 1 . The resolved rotational bands ( * : ' -
K" + 2 «- Κ", Δ J - 0) are characterized with the К quantum 
number of the minai state (*")• The ongin of »4 + v7 (B,,) 
was determined to be 1964±2 cm"' . The 2»4 Q-branch over­
laps the rotational band with К = 4 
35 
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symmetry,
 л
 + νη Part of the spectrum is given in 
fig 3 Due to the strong local perturbation with 
the 2i>7 level, the К = 7 «- 5 band is not seen 
Furthermore, the bands with К less than 4 are 
spread out due to the asymmetry of the molecule 
and so they are not visible From the K" = 6-9 
branches and from the expected value A' - B' = 
3 85 cm" 1 , the band origin is determined at 1964 
± 2 cm" 1 in good agreement with ref [15] 
Broad structures around 2350 cm" 1 and 4000 
c m "
1
 are observed and belong presumably to ihe 
bands of с, + «g (Bj,, 2284 1 c m " 1 ) and/or vl0 + 
v
n
 (B l g , 2269 5 cm"^) and of i-, + x8 (Bj 3961 8 
cm
 y) and/or y7 + »,, (В^, 3937 9 cm"") These 
structures were not analysed because of coinciding 
contributions from different bands 
In fig 4 we show the three strongest CO2 laser 
absorption frequencies from the 10 μιη band P(10), 
P(14) and P(26) If the corresponding transitions 
were two-photon excitations the P(10) hne should 
have a corresponding Raman transition, which it 
has not (Note that each IR two-photon transition 
from the ground state to a level with gerade sym­
metry should be Raman active ) On the basis of 
this fact and other evidence, the two-photon hy­
pothesis [19] for the P(10) and P(26) line has been 
rejected [9] In accordance no shift due lo a Fermi 
resonance is found for 2ν
Ί
 and 2i>t within our 
resolution, i e i [2 i ' 7 (A t )-2i ' s (A g )] = i ' 7(B, 1 1)-
CjiB^g) Similarly, no significant shift is found for 
RAMAN SIGNAL 1 1 1 1 1 τ -, 
(ARB UNITS) Ί 
ƒ \ 
2V
e
 2V7 ι Ι 
RAMAN SHIFT (cu)-') 
Ftg 4 Raman speclnim of 2ν
Ί
 (A
s
) and 2p
a
 (A g ) of C 2H4 
The broad background belongs to vA + p7 ( B ^ ) and ^ + P 1 0 
(Bjg) bands The arrows indicate the double frequency of the 
three strongest C 0 2 laser absorption lines 2xP(10) -1905 8 
cm"
1
, 2 x P ( 1 4 ) - 1 8 9 9 0 c n l - 1 and 2xP(26) = 1877 4 cm" 1 
higher combination tones 2 Р 8 + v2 and 2c7 + »j, 
see fig 1 
The only twofold overtone not observed is 2^, 
which is probably hidden under the band around 
2350 cm l. 
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CHAPTER 5 
RAMAN ANALYSIS OF C2H4 MOLECULAR JETS EXCITED BY A cw COj LASER* 
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Low-fluence (f >* 1 -6 mJ/cm1) IR (multiphoton) excitation of Cj H4 along the νη -ι>
β
 vibrational ladders has been in­
vestigated with a cw CO2 laser and has been analyzed with the spontaneous Raman effect As in high fluence experiments 
( f a 1 J/cm2), excitation was observed at the 10P(26), 10P(14) and 10P(10)CO2 laser lines, but only evidence of single-
photon absorption has been found 
1. Introduction 
Its strong absorption in the CO2 laser region and 
its symmetrical structure (£>2\i = ^h) m a kes C2H4 a n 
attractive molecule on which to investigate the effect 
of IR multiphoton excitation Bagratashvih et al [1] 
studied the transmission of the radiation of a contin­
uously tunable (high-pressure) CO2 laser through a 
sample of C2H4 gas The strongest absorption peak 
showed a Q branch structure, centered near the origin 
at 948 8 c m - ! of the i»7 (b j u ) vibration mode [2] 
The presence of multiphoton excitation was elucidated 
by the production of visible fluorescence (at fluences 
as low as 0 57 J/cm2) emitted by C2H4 (p = 5 Torr), 
with highest efficiency at 948 8 c m - 1 [1] 
In a subsequent study, Bagratashvih et al [3] ap­
plied opto acoustic (OPA) detection to absorption 
by C2H4 of the radiation of a line-tunable pulsed 
TEA CO2 laser At fluences of 0 7 J/cm2, strong 
signals could be observed at 952 88 (P(10)), 949 48 
(P(14)) and 938 69 cm" 1 (P(26)) The peak at the 
P(10) (P(26)) CO2 laser line was interpreted as being 
caused by a two-photon excitation process, 2i>7, which 
nearly coincides with a large number of rotational— 
vibrational transitions (e g PQ2(0 -• 1) and p Qi(l 
-* 2) (RQ 0(0 •* 1) and RQ^l ->· 2)) and denoted as 
successive transitions in the symmetric lop approxi-
* Work supported by Stichtmg voor Fundamentcel Onderzoek 
der Materie (FOM) 
532 
mation) The peak at P(14) coincides with maximum 
linear absorption of the v-j vibration, also followed 
by further excitation of molecules to higher vibrational 
levels. 
Fukumi [4] observed that, even down to CO2 laser 
fluences as low as a few mJ/cm2, the opto-acoustic 
(OPA) spectrum remained peaked at the P(10), P(14) 
and P(26) lines At these low powers, the OPA signal 
increased linearly with the fluence for the P(14) bne 
and quadratically for the P(10) and P(26) lines, sup­
porting the hypothesis of one and two photon transi­
tions, respectively In contrast to the explanation of 
ref [3], Fukumi proposed that the 2i>8 and 2ν
Ί
 over­
tones (presumably interacting strongly through a 
Fermi resonance) are responsible for two-photon 
coherent excitations at the P(10) and P(26) laser Unes 
In a further pursuit, Knyazev et al (5 J investigated 
the spectral characteristics of the C2H4 absorption at 
the P(10), P(12), P(14) and P(26) line with a pulsed 
CO2 laser continuously tunable over a range of 0 28 
c m
- 1
 around the Ime centers Observations which 
were made with intensities of 0 04 MW/cm2 (1 e f 
« 6 mJ/cm2) and 0 6 MW/cm2 revealed a number of 
narrow peaks (Δμ « 0 02 cm - ' ) at frequencies for 
which there are also rotational—vibrational transitions 
in the lineari^ aosorption spectrum [6-8] The large 
number of photons absorbed, combined with the absence 
of power broadening expected for the strong single-pho­
ton νη infrared transition (μ07 = 0 18 D), led Knyazev 
et al to suggest a predominance of multiphoton excita-
0 009-2614/84/$ 03.00 © Elsevier Science Publishers B.V 
("North-Holland Physics Publishing Division) 
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tion even at h = 4 mJ/cni2 at all tour laser lines studied 
However in a very recent study Varakin and 
Cordienko [9] employed the degenerate four photon 
interaction method and concluded that single photon 
resonances arc dominant at P(10) and two-photon res­
onantes in the neighbourhood of the P(14) and P(24) 
transitions A three photon resonance observed at 
P( 12) is used to explain the displacement of the ab­
sorption maximum towards P(10) with increasing in­
tensity of the exciting field 
Stimulated by these conflicting results, we decided 
to investigate the presence of low fluence mulliphoton 
excitation of C2H4 using a cw line-tunable CO2 laser 
as exciter and spontaneous Raman probing of a mo­
lecular beam [10| In section 2, the experiments and 
their results arc described In section 3, we discuss 
our results and compare them with those of earlier 
investigations 
2 Experimental 
Since our experrniental apparatus has been described 
extensively elsewhere [10,11 ], a brief outline is suf­
ficient A beam of C2H4 molecules is expanding from 
a no77le (with diameter D = 0 25 mm and at room 
temperature) into a roots pump (500 m3/h) and is 
analyzed by spontaneous Raman scattering with a res 
olulion Av = 1 8 cm" ' fwhm Phis probing occurs at 
variable Χχ/D, where A^ represents the distance be­
tween the nozzle and the intersection of the molecular 
beam with the focused Ar-ion laser beam (λ = 488 nm, 
1/e2 waisl diameter 2WD = 50 /urn and 500 W intra-
cavity power) A line tunable single mode free-running 
cw CO2 laser can also be crossed with the C2H4 beam 
A well defined point of intersection has been estab­
lished by focusing sharply (2W
n
 = 0 4 mm) at variable 
Raman signal 
(arb units) 
V-V, (cm-1 ) 
Fig 1 The Raman spectrum, without and with COj laser on (P(10), 35 W, IWQ = 400 jim 0) The dashed curve (- - -» 
corresponds to the enlarged difference between the and signals. Excitation and probing of molecular jet at X^ID = X^/D2 A 
conesponds to vibrational Ι Ί excitation, В ditto with v6 and I^Q singly excited, С ditto with 1*7 singly excited, D ditto with ι>8 doubly ex­
cited, Г ditto with P7 doubly excited E corresponds to vibrational v^ excitation with one 
with a hot band (possibly U4 singly excited) С substitution, this bump coincides 
533 
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Melinone! al [12] have reported a change oflocal 
densit) and velocity due to laser heating of a molecu 
lar beam In our case the results are rather insensitive 
to this el led since laser pumping and probing takes 
place at the same position Χι /D = XRID 
As typical experimental results the Stokes Raman 
spectra around ^[(a )witli and without CO2 laser c\ 
citation at X^jD = X^/D = 2 are shown in tig 1 The 
stagnation pressure ρ 0 = 1 atm was chosen and the ( 0 , 
laser (35 ft) was tuned to the P(10) tiansilion (949 48 
c m
- 1 ) When the CO2 laser is turned oft the spec 
trum shows a strong Q branch (peak A) accompanied 
by some weaker rotational structure and hot bands 
For»50c/r the bump Ь at ν ν·= 14 cm ' is due 
to the Q branch of v1 o f H 2 1 2 c " C H 2 [13 14] which 
is present at «2 2CÏ (natural abundance) (Recent 
Raman measurements by Doppelbauer et al [ 1S1 at 
different temperatures clearly demonstrate the pres-
ence of a hot band contribution (possibly I^Q) lo 
the bump at ν - vl = -14 cm
 1
 ) 
If the CO2 laser is turned on, an attenuation of 
I27r of the Q branch signal occurs (peak A) accom­
panied by an increase (»бЧ) at ν ι>\ = 9 c m - 1 
(peak C) We assign the ν-, -+ν
Ί
 + ν
ι
 transition to peak 
C, ie Xtf = —9 c m - 1 , because this peak turns out 
to be always the strongest under lare and frequent 
collision conditions 1 e high and small values of 
Xl/D = Xfri'D Notably peak С remains the most 
prominent for P( 10) P(14) and P(26) excitation Its 
strength is a measure of direct excitation, ie for the 
number of C2H4 molecules which remain m the u-j 
vibrational level after absorption of a CO2 laser photon 
Smaller peaks appear especially under treciuent 
collision conditions, 1 с В at ν - ν| = -5 5 cm ', D 
at ν — Vi = -12 cm 1 and l· at ν - ^ = -18 cm - ' 
They are considered as evidence tor colhsional energy 
transfer processes The argument of near resonant 
transitions leads us to assign v% -* Kg + vl to peak В 
ι e X¡g = - 5 5 cm~ ' Peaks D and h must then be 
assigned to 2v8 -> 2ΐ'8 + >Ί and 2νΊ •+ 2c7 + vl, the 
hot band contribution to F could possibly come from 
"4 ""*• "л + "l These assignments are uncertain, e g 
the role of vl0 and νΆ could be interchanged In our 
experience double excitation occurs as a consequence 
of colhsional energy transfer 
Similar effects were observed for the Stokes ^ 
and i>3 Q branches of С2И4 Direct excitation yields a 
peak at e - ^2 = -11 0 cm~ ' 1 e Xjj = 11 0 cm - ' 
V(cn> i) 
I iß 2 I xcitation probability Δ/// versus ( От laser frequency 
determined by fi Raman intensity in α molecular jet at three 
no7/le distances ï t / f l = Χ
Ά
Ιϋ = 1 Y] /Л = VR/ 
D = 2 and V^/¿) = Α'^/ί) = 4 S la^nation conditions were 
TQ = 300 К and PQ - 1 alm The no/zie diameter was 250μιη 
I he ( O2 laser power was kept at 30 W focused to α waist of 
2 H ' D - 4 0 0 i i m 0 
Since Χ^η » 0 cm - ' observation of direct excitation 
is impossible for the i>-¡ Q branch 
As a simple monitor of the excitation probability 
of Ст H4 the С От laser induced attenuation of the 
Raman signal at ν ι>
ι
 = 0 AI'I is displayed in fig 
2 as a lunction of the excitation frequency In fig 2 
the excitation probability for X^/D = X^/D = 1 is 
peaked at the P(2ft) P(14)and P(10)CO2 laser lines 
in agreement with refs [1,3 5 8] As in ref [4] the 
CO2 laser power dependence of the excitation prob 
ability A///(see fig 3) is ditferent for P(14) on the 
one hand and for P(10) and P(26) lires on the other 
In contrast to ref [4] however the P(l 4) excitation 
exhibits a steeper dependence on laser power than 
the P( 10) and P(26) excitations Possibly this steeper 
dependence stems from the larger detuning of the 
P(14) excitation 
An increase of XjD = XR/D = 1 to X, ,'D = X^/D 
= 4 results m a gradual disappearance of the P(14) peak 
in fig 2 
Several rather different and conflicting values for 
the origin of i>g 2vj and 2i'¡) vibrational modes have 
been proposed [1 4] in order to explain the three peak 
excitation spectrum Since only a photographically re 
corded spectrum of the
 8(Ь2„) Raman active funda 
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Γΐβ. 3 Fxcitation probability Δ/// versus incident C0 2 laser 
power and (luence for the P(14) · , P(10) o, and P(26) Δ 
laser lines The Пиепсс was calculated using the assumptions 
^f low^HO » 800 m/s, 50% of incident laser power is trans­
mitted to Kaman probing region, and 2W^i = 400 мт 0 for the 
С О^ laser waist The experimental uncertainty in Δ///ο 
amounts to 1 5^ 
mental is available in the literature [16], we have mea­
sured the Raman scattering for - 1 0 0 < ν f g < 100 
cm '(f ig 4) Fitting the positions of the peaks be­
longing to Δ/ = 0, ΔΚ = ±1 Raman transitions yields 
i>8 = 940 1 ± 0 6 c m - ' , in agreement with vg = 940 6 
± 1 0 c m - 1 [16] and the very accurate value Vg 
= 940 095(2) cm ' [17] obtained from high-resolu­
tion infrared absorption measurements In fig 4, К 
stands for the initial quantum number in the symme-
(ric-top approximation Some unassigncd peaks can 
be found in f ig 4 which are also present in a computer 
simulation, fig 3i iofref [18] 
The vibrational overtones 2vg and 2v-j (both pos­
sessing A g symmetry) exhibit a Q-branch structure 
and have recently been observed with our Raman 
spectrometer [19] Because it was found that 2v-j 
- 2^9 = ι>η - Vg the alleged Fermi resonance between 
the overtones is absent. 
3. Discussion 
To assist comparison between results from different 
Korb units) 
C2H< ve 
Ρ =750Torr 
Τ = 300 К 
Θ50 900 950 1000 1050 
AVÍcm-') 
Fig 4 The fg Raman spectrum The Q-branchcs for various К values are indicated belonging to AK = + 1 transitions. Black ar­
rows indicate calibration pomts (Ar-plasma lines) from the assignment, one derives pg = 940 1 ± 0 6 cm" and A - S = 3 85 
± 0 05 cm - 1 (rotational constants for ¡>6 excited state) The spectrum is obtained from a single scan,I = 20 (arbitrary units) cor-
responds to 8000 counts/s of the photomultipber Note the unassigned peaks 
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investigations (partially estimated) values of sample 
densities temperatures CO2 laser power densities and 
üuences have been collected in table 1 In most exper 
iments an enhanced absorption 0ГС2Н4 has been ob 
served at the P(26), P(14) and P(10) ( O2 laser lines 
The clearly obsolete suggestions XJT = -8 c m - ' [2] 
or c 8 = 943 cm
 l
, 2ι>
Ί
 = 1906 cm" ' and 2 ^ = 1878 
cm
-
 ' shifted by a strong Fermi resonance [4] cannot 
explain the observed phenomena For low fluence 
conditions (0 04 MW/cm2, see table 1), the three pho 
toacouslic excitation peaks can be attributed to near 
ly coinciding single photon transitions resolved in ref 
[5] and assigned m rcfs [2 8] Inspecting table 5 of 
ref [6] one notices especially strong and nearly res­
onant 0 -• v-j transitions for the P(26), P( 14) and 
P(10) laser lines With ref [8], one fmds7 = 4, K= 1 
-<•ƒ = 5,AJ = 0(detuned97 5 MH?) tor P(10) / = 6, 
K= 2 -+J' = 6, K' = 1 (detuned 106 3 МНг) for P(26) 
and./=28,K=2->./' = 28,/: '= 1 (detuned 285 6 
ΜΗ?) for P(14) as mam contributions amongst others 
with high J values Tins explains why the excitation 
at P(14) disappears for X
r
/D = XR/D > 1 (fig 2) 
The J = 28, К = 2 is simply removed by the expansion 
cooling The P(10) and P(26) peaks belong to low/ 
transitions and are, therefore, less sensitive to expan 
sion cooling In addition, pressure broadening (4 MHz/ 
Torr) is preferentially required to compensate the lar 
ger detuning for the transition at P(14), it becomes 
less effective at larger Xj^/D 
The fluenccs(see table l)usedinrefs [3,4) arcot 
the same magnitude or smaller than in our experiment 
for which Raman spectra show that multiphoton ex 
citation is absent The difference between our exper 
mient and those of refs [4,5] consists in the number 
of collisions during the laser interaction time, 1 e T
mt/ 
r^,] > 150 for the present investigation and T^JT^ 
<, 1 for refs [3,4] 
Knyazev et al [5] argue that the νη transition di 
pole moment μ 0 7 = 0 18 D would lead to a power 
broadening of 0 04 c m - 1 , for a two-level system and 
a laser power density of 0 04 MW/cm2 The experi 
mentally found linewidths are about a factor of four 
smaller, therefore, Knyazev is led to the conclusion 
that multiphoton transitions are dommant, although 
no shift is found, presumably due to small anharmo 
niciticsofC2H4 The observed linewidth of 0 01 0 02 
c m
- 1
 should be explained however by the Honl tac 
tors and the onentational dependence of the transi 
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tion moment for the rotational states involved The 
presence of multipholon excitation has not been dem­
onstrated convincingly for lowfluencc condidons. 
This opinion is also supported by the high-fluence 
observations of Varakin and Gordienko [9] Here, at 
higher collision rates ( r l n t / T c o I > 150 (see table 1), 
comparable with our conditions), both single- and 
multi-photon excitation phenomena are equally pres­
ent. If single-photon Iransidons are substantial in 
these high-fluence experiments, they should dominate 
in the low-fluence case (^6 mJ/cm 2 , the present study). 
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CHAPTER 6 
THE ALLENE RAMAN SPECTRUM FROM 250 TO 6200 C M " 1 STOKES SHIFT * 
** 
W K n i p p e r s , Κ ν H e l v o o r t , M De Felici , J Reuss and S Stolte 
Fysisch L a b o r a t o r i u m , Kathol ieke Uivers i te i t Nijmegen 
T o e r n o o i v e l d , 6525 ED Nijmegen, The Nether lands 
* 
Work s u p p o r t e d by S t i c h t i n g voor Fundamenteel Onderzoek der Materie 
( F O M ) 
** 
Lab Spettroscopia Moleculare ENEA, С R E Frascat i , I ta ly 
A B S T R A C T 
Using a p o w e r f u l m t r a c a v i t y and focused beam of a f r e e r u n n i n g A r - I o n la­
ser o p e r a t i n g at 488 nm, the Raman Stokes spectrum of aliene (C«H.) has been 
recorded f rom 250 to 6200 cm . A t t e n t i o n is concentrated on the numerous 
Q-branches of overtones and combination tones appear ing m t h e spectrum Al l 
f i r s t overtones of both t h e degenerate and nondegenerate modes have been o b ­
s e r v e d , except f o r Vq and the C-Η s t r e t c h i n g v i b r a t i o n a l modes. Moreover, se­
vera l combination tones are i d e n t i f i e d . In some cases hot bands have been 
o b s e r v e d belonging to t r a n s i t i o n s s t a r t i n g at t h e t h e r m a l l y exc i ted v 1 0 and v . . 
levels. From the measured band o r i g i n s anharmomc s h i f t s are determined y i e l d ­
ing ( c r o s s - ) a n h a r m o m c i t y c o n s t a n t s , sometimes in combination w i t h the v i b r a ­
t ional angular momentum coeff ic ients Similar to the case of C - H . [ 1 ] Raman 
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combination tone intensities appear sometimes to be enhanced by an anharmonic 
resonance of the vibrational level with a strong Raman active f i rst excited state 
This "Fermi borrowing" of Raman activity tends to be enhanced especially when 
major amplitudes occur along similar bond features In most cases the anhar-
momcity shifts of overtone and combination band origins follow the standard 
term formula. A (incomplete) table of χ and g values has been constructed 
Special spectral features have been observed around the 2ν,
η
 overtone 
Q-branch The relative Raman band strength of the v.. and 2υ. Q-branches for 
similar molecules has been compared quantitatively. 
1 INTRODUCTION 
Belonging to the D- . (=V ,) point group, aliene (H.,C=C=CH») has normal 
vibrations of the symmetry types A,, B,, B_ or E. The f i rst three types are 
non-degenerate while the last is doubl degenerate. Note that only the 
non-degenerate symmetry type A« of pomtgroup D~ . is not represented by a 
vibrational fundamental mode of aliene. 
All the fundamental vibrations of aliene are Raman active whereas IR activ­
ity only exists for the modes of B. or E symmetry. A combination vibration with 
A- symmetry is totaly inactive. In the Raman spectrum, A. symmetric transi­
tions ( i .e. the group theoretical product of the symmetry of the vibrational ini­
tial and final state of the transition is of A. symmetry or contains an A, 
component) manifest themselves as a strong central Q-branch of nearly coincid­
ing aJ=0, ΔΚ=0 transitions and much weaker Ο , Ρ ^ and S branches ΔΚ=0, ^ = ± 1 , 
±2. 
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Allene posseses three totally symmetric fundamentals of symmetry type A,, 
v, (C-Η stretch at 3014.4 cm ), υ™ (C-Η bending or scissors at 1443.3 cm ) 
and v., (C=C=C stretch at 1072.1 cm ). The v. (torsion of the CH- ends at 
848.59 cm ) twisting mode has B. symmetry. The remaining nondegenerate v i ­
brations v 5 (C-Η stretch at 3006.72 cm ), v . (C=C=C stretch at 1959.37 cm ) 
and v 7 (C-Η bending or scissors at 1395 cm ) are of symmetry species B.,. 
The degenerate E symmetry type vibrations are v f t (C-Η antisymmetric stretch 
at 3085 43 cm ), v« (CH_ rocking, m which the two perpendicular CH_ groups 
swing in their own plane, at 999.1 cm ), v 1 0 (CH^ wagging, m which the two 
perpendicular CH. groups swing orthogonally to their planes, at 840.8 cm ) 
and v. , (C=C=C bending deformation at 352.73 cm ). 
Although the total number of different vibrational modes for aliene is one 
less than in the case of ethylene [1] its vibrational Raman spectrum is somewat 
more complicated because of the presence of four doubly degenerate vibrations. 
Also the vibrational energy term formula [2,18] is somewhat more complicated 
due to the contribution of the vibrational angular momentum for the degenerate 
modes excited in the combination vibrational energy level 
G ( n 1 ' n 2 " i l * = (1) 
lw (n + d /2) • Ι Σ χ (η *d /2)(n •d /2) * I I g „ . I J + . r r r . r s r r s s . .... 3 t t t t 
г г s<r t t <t 
As usually the zero order frequency, the number quanta, the degeneracy and 
the anharmomcity constant coupling terms are indicated for mode г with ω , η , 
r f э Г Г 
d , and χ respectively. The term g... l . l . . describing the anharmomc contrib-r rs ^ ' 3 t t 11 э 
ution induced by the vibrational angular momentum quantum numbers L,L· of 
course occur only for the degenerate t , t ' modes. In accordance with the 
convention of [18], I. is restricted to the values - п . , -n. + 2, ^ . - 2 , п.. 
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By d e f i n i t i o n one has χ =x and g. . .=q. . . - It is convenient f o r our purpose to 
' rs sr ^ t t 3 t t 
t r a n s f o r m e q . ( 1 ) a lgebraical ly into an expression conta in ing the (observable) 
fundamental f requencies ν instead of the theoret ica l ω . The energy of an ar­
b i t r a r y e n e r g y level w i t h respect to the g r o u n d state can be expressed as 
ί ( η 1 ' Π 2 >-G(0) = Σ η
Γ
[ v r * ( n r - 1 ) x r r * ^ n s x r s ] ( 2 ) 
• U 9 t t . C ^ n t ) - t Z t g t t . l t l t . ] 
Here the r e s t r i c t i o n of degenerate t,t' modes may be dropped a f t e r d e f i n i n g 
g ,.=0 when d . = l . The v i b r a t i o n a l e n e r g y levels of a combination v i b r a t i o n in 
which two or more quanta are excited in a degenerate mode can be spl i t a c c o r d ­
ing to the var ious possibi l i t ies of I. and I., values For instance one expects 
s p l i t t i n g s in the hot band s t r u c t u r e of a combination v i b r a t i o n tone of two d e ­
generate v i b r a t i o n s caused by a t r a n s i t i o n s t a r t i n g f rom the v , . exci ted s tate, 
such as 2 v , 0
+ v , , <-- v . , . 
Of course the simple e n e r g y formula (1) cannot take into account the p r e s ­
ence of s t r o n g and local anharmonic resonances between d i f f e r e n t energy levels 
of the same symmetry. The actual anharmonic s h i f t wi l l deviate considerably 
f rom the one obtained empir ical ly from e q . ( 2 ) To reach a q u a n t i t a t i v e i n t e r p r e ­
tat ion m such cases, a detai led invest igat ion of the molecular force f i e l d has to 
be c a r r i e d o u t . 
In the p r e s e n t paper t r a n s i t i o n s are i n v e s t i g a t e d which lead to Q-branches 
(AJ=0, ΔΚ=0) in the 250 to 6200 cm region of the Stokes Raman spectrum of a l­
lene. The band o r i g i n s of about 15 overtones and combination v i b r a t i o n bands, 
observed f o r the f i r s t time w i t h a typ ica l resolut ion of 2 cm f u l l w i d t h at half 
maximum ( f . w . h . m . ) are communicated. As mentioned above var ious n e i g h b o u r -
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mg vibrational levels with the same symmetry are found to perturb each other 
by an anharmomc resonance, e.g. 
( v T 2 v 2 ' V 2 v 1 0 + V 1 1 ) ; 
( v j , 2V,Q, 2v. ) and 
( v 3 ' 2 v 1 1 ' ^ О ^ І І ^ 
If the difference m spectral frequency shift from the excitation starting at 
the ground state and the one starting at the populated vibrationally excited 
state exceeds (is comparable to) the instrumental resolution, observation of a 
(partially) resolved hot band will be possible. In the case of C-Η., for a 
Boltzmann distribution at room temperature, only 64.80o of all the molecules are 
populated at the vibrational ground state A vibrational excitation of v . , , 2\J,,, 
v,,,, 3v,, , and v. respectively occurs at 23.30o, 6.80o, 2.30o,1.60o and 1.0ooof all 
the molecules (the degeneracy of the excited vibrational levels respectively 2, 
3, 2, 4 and 1 have been included). Thus a strong v., hot band contribution 
with an intensity ratio of 23 3/64.8 = 0.36 of the combination tone (starting from 
the ground state) is expected for every Raman Q-branch. From the hot band 
shift mdepended information can be provided about the anharmomcity constants 
χ - . . r,11 
2 EXPERIMENTAL 
The experimental arrangement has been described before [ 3 , 4 ] . Briefly it con-
+ 
sists of an Ar -laser (Spectra Physics model 170), with its original output mir­
ror being replaced by two curved high quality reflectors (R=10 cm and R=5 cm) 
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adjustab ly mounted inside the sample ce l l , p r o v i d i n g about 160 Watt i n t r a c a v i t y 
power at 488 0 nm 
+ 
The scattered Raman l i g h t is collected f r o m t h e A r - laser beam focus (waist 
2wf4=50um) by a ref lector (R=5 cm) and a lens (f=8 cm, diameter =45 mm) and im­
aged w i t h a magnif icat ion f a c t o r 4 on the entrance s l i t (15 mm l o n g , t y p i c a l l y 200 
ц т wide) of the double monochromator (Jobm Yvon model Ramanor HG 2S, f=100 
.3 
cm, a p e r t u r e f / 8 ) T h e actual l i g h t s c a t t e r i n g volume is t h u s only 0 039x10 
3 
mm 
T h e d ispersed l i g h t is detected by a cooled p h o t o m u l t i p l i e r w i t h a red sen­
s i t i v e GaAs photocathode (Hamamatsu model R943) Its signal is measured w i t h a 
pulse c o u n t i n g system c o n s i s t i n g of a photon c o u n t e r (Brookdeal model 5C1) and 
a microprocessor ( A p p l e model 2e, 64k) The l a t t e r also controls the monochro­
mator scans and carr ies out the data processing 
T h e f r e q u e n c y scale of the monochromator to the Stokes side, 488 nm <λ< 
755 nm, is ca l ibrated against t h e numerous plasma lines p r e s e n t in the d ischarge 
t u b e of the A r - l o n laser, 47 lines are assigned and compared to l i t e r a t u r e values 
[ 1 ] The accuracy obta ined in th is way f o r t h e band o r i g i n s of the s t r o n g 
Q-branches is about 0 5 cm Strong plasma lines may appear m the spectrum 
because of Rayleigh s c a t t e r i n g For example t h e t h r e e lines m the v . . spectrum 
r e p o r t e d m reference [ 6 ] as ghosts have also been observed by us, b u t could 
be assigned d e f i n i t e l y as Rayleigh scattered plasma lines Al l v e r y weak "Ra-
man"-signals have been c a r e f u l l y checked upon these c o n t r i b u t i o n s t o the spec­
t r u m induced b y the Rayleigh s c a t t e r i n g of t h e "non-488 0 nm r a d i a t i o n " 
Suppression of the 488 0 nm laser r a d i a t i o n , at essent ial ly constant plasma l i g h t 
b a c k g r o u n d , could be achieved easily t h r o u g h a small misahgnement (or b l o c k ­
ing) of t h e f a r end of t h e c a v i t y resonator T h i s allowed a d i r e c t experimental 
v e r i f i c a t i o n of the Raman c h a r a c t e r of the scat tered l i g h t 
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The re lat ive intensi t ies of the Raman bands were obtained from the e x p e r ­
imental i n t e g r a t e d band s t r e n g t h ( i n cm Mcounts/s of spectra measured w i t h a 
200 pm sl i t w i d t h ) and the wavelength dependent s e n s i t i v i t y of t h e Raman spec­
trometer (determined w i t h the help of a ca l ibrated [ 7 ] t u n g s t e n r ibbon l a m p ) . 
In addit ion it is assumed t h a t Q-branches are almost completely polar ized ( t h e 
transmission of the opt ics depends also on the polar isat ion of the scat tered 
l i g h t ) . The accuracy reached in the measurements yields an e r r o r of about 20oo 
in the relat ive i n t e n s i t i e s . 
The Stokes Raman spectrum was recorded up to a s h i f t of 6200 cm w i t h a 
scan veloci ty of 10 cm /mm ( s u r v e y scan). For spectral regions of i n t e r e s t a 
computer contro l led slow scan was made t h e r e a f t e r using a scan ve loc i ty of 0.5 
cm /mm t y p i c a l l y . The cell has been operated at atmospheric p r e s s u r e and at 
room t e m p e r a t u r e in all r u n s . A s tandard q u a l i t y ( i m p u r i t y <10o) gas sample was 
used. 
Our mam e f f o r t was concentrated on the determinat ion of band o r i g i n s f r o m 
measured Q-branch s t r u c t u r e s . Assuming a Q-branch to be b u i l t up out of a 
v e r y steep bandhead (AJ=0 t r a n s i t i o n s which coincide if J is small) and a Bol tz-
mann tail (AJ=0 t r a n s i t i o n s w i t h large J ) , the o r i g i n can be determined by c o r ­
r e c t i n g f o r t h e i n s t r u m e n t a l convolut ion of the Raman spectrometer ( f . w . h . m . = 
2 cm t y p i c a l l y ) . The simple p r o c e d u r e appl ied consisted in adding ( f o r 
ΔΕ . >0) o r s u b t r a c t i n g ( f o r ΔΕ . <0) the instrumenta l half w i d t h at half max-
r o t . r o t . 
imum to or f rom the in tersect ion point of the half maximum band i n t e n s i t y l ine on 
t h e steep side of the Q - b r a n c h . Here ΔΕ . is def ined as the d i f f e r e n c e m r o ­
tat ional e n e r g y of t h e f ina l and in i t ia l state f o r a Q-branch t r a n s i t i o n ; f o r a 
symmetric t o p one calculates f o r a rotat ional J , К state [18] 
ΔΕ = ( B ' - B " ) J ( J + 1) + [ A ' - B , - ( A " - B " ) ] K 2 
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* (2A Σζ Ί - 2Α"Σζ Ί " Ж 
t t 
(3) 
which approaches zero for low J and К values In cases where Conolis reso­
nances disturb the rotational levels of a participating state eq (3) remains of 
course valid only m the low J limit. 
During the experiments the quartz entrance Brewster window of the intra-
cavity cell became slowly opaque due to light induced chemical deposits The 
cleaning of the window, which was diff icult because of the strong adhesion of 
the deposit, had to be done after each four hours of measuring time The local 
heating at the cell's Brewster window by absorption of laser light combined 
with photochemical processes induced by the ultraviolet light of the discharge 
tube is held responsible for this local decomposition of aliene 
3 RESULTS AND DISCUSSION 
ЗА Transitions starting from the ground state 
The mam results obtained are presented m table 1, where the overtone and 
combination modes assigned to the observed Q-branches are given in the f i rst 
column, together with the 11 fundamental vibrations. Of the 11 possible f i rst 
overtones which we hoped to detect in the spectrum, 7 have been observed ac­
tually The f i rst overtones of the three C-Η stretch vibrations v.., v,- and ν« 
could not be detected The 2VQ overtone is not observed because it is apparent­
ly hidden in the structure of the Raman spectrum of v f i (B- symmetry) which 
was observed as a broad band with sub Q-branches of spacing 4(A-B) due to 
Δϋ=0, ΔΚ=±2 transitions 
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Apart from the f i rst overtones we identified and indicated in table 1 eight 
binary combination tones of A, symmetry, in which two different vibrations of 
the same symmetry are excited (otherwise the group theoretical symmetry prod­
uct does not lead to an A1 symmetry component) We expected to find 12 binary 
combination vibrations i.e З С А ^ А ^ А , ) • 3 ( B 2 x B 9 = A J + 6(ΕχΕ=Α1 +A2 +B.. ' B - ) . 
Finally six multiple combination vibrations ( tr ip ly or higher excited) were ob­
served although most of them turned out to be very weak (see table 1). 
The values m the column "band origin this work" are obtained from the 
spectra, using the correction for the instrumental convolution as mentioned m 
section 2. For comparison the band origins of all the fundamentals and some ov­
ertones found in the literature are given in the column "band origin literature" 
Within our accuracy, 0.5 cm , there is no agreement with the literature value 
[10] of the fundamental v,. Also the literature values for 2ν,ρ, and 2v~ [10] are 
m disagreement with our values. 
The "harmonic origin" is calculated with respect to the vibrational ground 
state simply from eq.(2) as 
G H 0 · ( η 1 , η ? n 1 1 ) - G(0) = ΣηΓνΓ (4) 
r 
m which anharmomcity effects are discarded and where the ν is the fundamen-
' r 
tal frequency of "band origin l iterature". Since our wavelength calibration was 
carried out carefully we use in eq (4) the value of "band origin this work" for r 
= 1 , 2 and 3. The "anharmomc shift" is just the difference between "band or i­
gin this work" and "harmonic band origin". 
From the spectra measured with a 200 цт slit width the "integrated band 
2 strength is determined by multiplying the surface (in mm ) under the curve 
with the plot parameters m cm /mm for the frequency axis and in 
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Table 1 
Relative intensit ies, frequencies, anharmonic shifts and band form 
properties of the observed Q-branches belonging to A. transitions of 
overtones and combination vibration tones of allene (C^H.) For ex­
planation of the defined entities see the text 
V I B R A T I O N 
MODE 
"11 
2
" 1 1 
Ί ο 
v 4 
v 9 
u 3 
Ίο·»!! 
"7 
"2 
2
Ί ο 
2
"< 
v 6 
2
" 9 
2
" 3 
ν 2 . „ 3 
2
« 7 
^•"g^u 
2
" 2 
v 5 
Ί 
»s-^io-'n 
" 8 
> 
I— 
Ш 
> 
E 
A l 
E 
B l 
E 
A 
A l 
B 2 
A . 
A . 
A 
B , 
A . 
A l 
A l 
A l 
A . 
A l 
B , 
A l 
A , 
E 
B A N D O R I G I N 
( m 
T H I S WORK 
696 7 
1072 1 
1188 8 
1 4 « 3 
1683 1 
1697 4 
2141 3 
2511.0 
2785 2 
2798 3 * 
2874 3 
3014 4 
3037 0 * 
c m " 1 ) 
L I T E R A T U R E 3 ' 
352 73 
696 72 
840 93 
848 59 
999 00 
1072 22 
1395 0 
1442 55 
1684 11 
1697 04 
1959 38 
1993 8 
2875 3 
3006 7 
3014 9 
3085 53 
[ 1 1 ] 
[ 6 ] 
[ 6 ] 
[ 6 ] 
[ 6 ] 
[ 1 0 ] 
[ 1 0 ] 
[ 1 0 ] 
[ 1 0 ] 
[ 1 0 ] 
[ 1 3 ] 
[ 1 3 ] 
[ 1 0 ] 
[ 1 4 ] 
[ 1 5 ] 
[ 1 4 ] 
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B A N D O R I G I N 
( i n c m " 1 ) 
_ 
705 5 
-
-
-
-
1193 5 
-
-
1681 9 
1697 3 
-
1998 0 
2145 3 
2515 3 
2790 0 
279b 0 
2886 6 
-
-
ЗПЗЗ 6 
S H I F T 
1 , ( i n cm 1 
-8 8 
-
-4 7 
-
•1 2 
•0 2 
-4 2 
-4 0 
-4 3 
-4 8 
•3 3 
-12 3 
-
•3 4 
B A N D S T R E N G T H 
( i n c m ^ M c t s / s ) 
2 4 χ 1 ( Γ 2 
2 3 
3 6 . 1 0 ' 2 
1 2 . 1 0 " 1 
8 4x10 3 
5 . M 0 " 3 
2 8 . 1 0 " 2 
1 8 « 1 0 " 3 
2 OxIO" 2 
<2χ10"'1 
1 2 . 1 0 " 1 
3 7 
4 4 « 1 0 " 2 
B A N D S T R E N G T H 
N O R M A L I Z E D 
TO u 1 
6 7 x l 0 " 3 
6 3 . 1 0 " ' 
9 5 « 1 0 " 3 
3 Ы 0 " 2 
2 2 - 1 0 " 3 
1 4 . 1 ( ) " 3 
7 3 . 1 0 " 2 
4 7*10"* 
5 2 к 1 0 " Э 
< 5 χ 1 0 " 5 
3 2ХІО" 2 
1 0 
1 2 χ 1 0 " 2 
A N H A R M O M C I T Y 
TERM 
2
'
<
П , П "
2 9 1 1 . 1 1 
_ 
" l O . l l 9 1 0 , Π 
2 x 1 0 , 1 0 " 2 9 1 0 , 1 0 
2 4 4 
2
" 9 . 9 2 9 9 . 9 
2
* 3 , 3 
"г.з 
2
» 7 . 7 
*2,9'*2 11**9 Π " 9 
2
* 2 . 2 
. 
2
'
ζ 9 , 1 0 * " 9 , ΐ Γ 2 χ 1 0 , 
-
2 9
ιο 
'9,11 
ΐ Γ
2 χ 1 0 10 
. 1 0 " 9 9 . 1 1 
B A N D 
f w h m 
( i n cm 
4 0 
1 4 
2 8 
1 7 
3 0 
3 7 
2 0 
1 8 
(3 5) 
2 
(1 5) 
(2 1) 
5 
( O R M 1 ' 
r o t 
) 
0 
4 ) 
<0 
•0 
^ 0 
0 
' 0 
0 
<0 
•0 
_ 
RE 
MARKS 
Ы 
с) 
d ) 
e) 
к) 
ι ) 
!
 з' іо" іі 
'6,v7 
б^ 
8'"lü 
β'"9 
5* 7 
З'^б'"? 
Г 2 
5* 6 
3* 8' 10 
,'
2
»9 
А. 
А1 
А. 
А1 
А. 
А. 
А, 
Al 
А, 
Α. 
Α. 
3333 9 
3349 6 
3897 4 
3941 0 
4077 3 
4398 3 
4423 5 
4459 6 
4872 2 
4998 2 
5014 2 
3337 8 
3354 4 
3918 8 
3926 2 
4084 5 
4401 7 
4427 0 
4458 2 
4966 1 
4998 5 
5012 4 
-4 0 
-4 8 
-21 4 
•15 
7 2 
3 4 
-3 5 
«1 5 
•6 1 
-0 3 
•1 8 
3 5«10 ' 
1 7»10"3 
4 5«10"3 
2 ΟχΙΟ" 3 
<5 5 . 1 0 " 4 
1 2x1ο"4 
3 1«10"4 
8 Ο«ΙΟ"5 
4 Ο«ΙΟ"4 
1 Ο«ΙΟ"3 
< 7 « Ι Ο " 5 
< 7 χ 1 0 " 5 
^ з . з ' ^ з 1θ'2*3 ι Γ " ι ο , ι ι 
4.7 
2
"e,6 
*8,10"98.10 
"8.9"э8.9 
"5.7 
"з.б^зл^ел 
"ι,2 
"5.6 
"3.β*"3.10*"8.10 
2
"l.9"2"9.9-299. 
"98 
9 
10 
3 1 
3 о 
4 3 
(û) 
2 2 
(4 2) 
H ) 
(2 7) 
4 О 
(4) 
( i ) 
h) 
f) 
g ) 
Wdvenumbors marked with an correspond to Q-branch top values of very 
wu.tt oí p¿rtial{> blended lines 
V^IUPS of tlie fundamental frequencies believed to be most accurate have been 
ыЧсч tt!<J fiom litui ature [ ] 
The way m whiuh the v·, band origin is determined in reference [10] is not 
vei у СІ*ЧІ l l i is vulue should thus be used with care when calculating har-
iiionic brind ofigins of coiTibtnation vibrations in which v-, is involved 
-1 * -1 
Fiom [ lu] we can use x.^ ^ - *1 1cm See also [ 9 ] , 2υ 1 0 = IGflB В cm 
in lefcti-nce I Ì 3 ] IR bunds were analyzed between 1920 cm and 20Θ2 cm 
Fiom tht results, the band origin of the A. component of the 2VQ oveitone 
lus been d^tormmed 
See also |S], 2 V ) = 2fl74 8 ^m" 1 
\,'¿ i f . 'y . i "s partially blended by the E-band structure of the Vg fundamen-
U) vibration TUerefoic the uncertainty in the bandoiigin, the anhdrmonic 
shift and the cross-anhai monicity is about 2 cm 
vf i*v in ,s Р а г * і а " У blended by E symmetry band structuie, probably of v^'v«, 
giving a 2 cm шм prtdinty in the bandongin, the anharmomc shift and the 
cross anhai monicily 
v l v 3 
- I 
s U i t m g at the v,, level is evidence for the choice д*««, since к- ..=3 0 
(see table 3) 
Also 2ν
Ί
*2\>2 is possible with haimomc band origin at 5(130 6 cm and an an-
hrtfmomc shift 16 4 cm = 2x1 п*^*"* q *-4кч ^ 
Values between brackets () are inaccuiate because the Q-branch is broadened 
by partially resolved hot bands Spectra were taken at 200 pm stit width ек-
ccpt for th.* v. v, dnd v-, fundcimentals which were taken at 100 pm 
The vrtlue quoted fui ν, in [ l i ] had to be lowered by 2B (compare the foot­
note b of t«iblr> VI I with the expression tor О and S branches on ρ 414 in ref 
Mcounts/s/mm f o r t h e i n t e n s i t y a x i s , y i e l d i n g the plot independent i n t e n s i t y m 
cm Mcounts/s. In cases where hotbands were resolved we also included t h e i r 
i n t e g r a t e d i n t e n s i t i e s . If we c o r r e c t th is i n t e g r a t e d band s t r e n g t h f o r the spec­
t r a l t ransmission and normalize to the v . i n t e n s i t y ( l 1 = 1 ) we get the "band 
s t r e n g t h normalized to v , " The e r r o r is estimated to be 20oo. Note t h a t the ef-
4 
f e c t i v e dynamical range of o u r Raman spectrometer is about 10 . 
Inspection of the Raman intens i ty of the observed Q-branches l isted in t a ­
ble 1 shows t h a t in t h e neigbourhood of the v e r y s t r o n g v, ( A . ) and v., ( A - ) 
and the r a t h e r s t r o n g \>~ (A_) fundamentals, i n t e n s i t y enhanced overtones or 
combination tones are observed as a consequence of anharmonic resonances ( t h e 
e n e r g y d i f f e r e n c e between the f i r s t excited state of the ι mode, η = 1 , and the 
combination v i b r a t i o n , ν *v. , is important w i t h respect to the s t r e n g t h of the 
resonance and is g iven by Δ ) This behaviour has also been observed f o r C « H . 
[ 1 ] Without t h i s resonance v e r y weak intensi t ies are f o u n d , e g . in the d ia-
4 
tomic molecules [ 9 ] t h e over tone is weaker by a f a c t o r of 10 compared to the 
fundamental t r a n s i t i o n . Evidence f o r such a Fermi enhancement has already 
been observed before [ 8 ] between v« ( A , ) and 2 v i n ( A , ) , the band v^ 
-2 -3 
(3.2x10 L ; C-Η bending) lends i n t e n s i t y to 2v 1 ( , (2.2x10 I . , C H . w a g g i n g ; 
-1 -3 
Δ2=241.5 cm ) b u t leaves re lat ive ly less affected the overtone 2v. (1 4x10 L ; 
CH~ t o r s i o n ; Δ?=254.1 cm ). A similar behaviour was also observed f o r C ^ H . 
-3 -1 
[ 1 ] where 2v. (1.0x10 L ; C H - t o r s i o n ; Δ-=430.2 cm ) is much less enhanced 
by v - (0.551..; CH b e n d i n g ) than 2 v 1 0 ( 0 . 5 5 χ 1 0 " 1 1 . ; CH b e n d i n g ; Δ2=29.2 
cm ). In th is last case however 2 v , n lies v e r y close to v- ampl i fy ing the e n ­hancement s t r o n g l y Similar t o the case of C ^ H . , t h e 2«.« of aliene is s h i f t e d to 
t h e blue (anharmonic s h i f t *1.5 cm ) which is in qua l i ta t i ve agreement wi th the 
s h i f t due t o anharmonic repuls ion by the \>. v i b r a t i o n a l level , v - < 2 v l n . 
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I n t e n s i t y lending f rom the ν« ( Α . ; C=C=C s t r e t c h ) level t o the 2υ....(Α.., 
C=C=C b e n d i n g , Δ3=-375 4 cm ) and \ ) . „ + v . , ( Α . , Д „ = П 6 7cm ) (all have a 
C=C=C motion in common), is ev ident f rom f r o m table 1. The l arger anharmomc 
s h i f t f o r 2V,, (-8 8 cm ) as compared to the one of v , n + v . . , (-4 7 cm ) is pos­
s ib ly caused by a r e p u l s i v e anharmomc resonance, t he s h i f t f o r 2V.., is e n ­
hanced 
The ^ д * 2 ^ * ^ , ( А ^ Δ^23 cm" ) and 2v 2 ( A ^ C-Η b e n d i n g ; ¿,=-140 1 
cm ) v ibra t iona l levels show also an anharmomc resonance w i th v , ( A , , C-H 
s t r e t c h ) , we observe large Raman intensi t ies and anharmomc shi f ts in qua l i ta -
t i ve agreement w i th the repu ls ion . Note tha t the re la t ive ly large in tens i ty of 
the combination tone due to the Vq + 2 v , n + v 1 1 level is caused by the small energy 
d i f ference between this level and the v, level The in tens i ty enhancement of 
the overtone 2v_ was already observed before [ 8 , 10] 
Close l y ing v ibra t iona l levels w i th similar motions of the cor responding at-
oms yield s t rong anharmomc v ibrat ional coup l ing terms which are responsible 
fo r the resonances, an ef fect which is present fo r all the th ree A , symmetric 
fundamentals. 
At 3941 cm we observe a d is to r ted Q-branch assigned as ν ,/ν,« ( A , ) , 
p a r t i a l l y b lended b y spectra l s t r u c t u r e of v . ^ v j , (E) The large posi t ive s h i f t 
(*15 cm ) may be due to a mutual repuls ion w i t h t he level 2v f i ( A , ) which ex­
h ib i ts a large negat ive s h i f t (-21.4 cm ) 
-4 -1 
A Q-branch w i t h i n t e n s i t y 9.5x10 I, is o b s e r v e d at 2179 0 cm and t e n t a ­
t i v e l y assigned to v « + 2 v , , ( A , ) . Its v e r y large posi t ive anharmomc s h i f t (*30.2 
cm ) can be caused by t h e resonance p a r t n e r 2v., a l though t he s h i f t of 2v_ i t ­
self (-4.0 cm ) is v e r y small 
A small peak ( i n t e n s i t y < 5x10 I.) is observed at 3578.5 cm ; if i t is as­
signed to 2 v - * 2 v , , a r a t h e r large negative s h i f t of -13 6 cm is o b t a i n e d . 
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For the bands ν , , ^ ν , , , 2v 7 and 2υ_ we observed spectral s t r u c t u r e s of u n ­
known o r i g i n mainly at the low f r e q u e n c y side of the Α.. Q - b r a n c h . Between the 
2vn over tone (at 2874.3 cm ) and its hot band o r i g i n a t i n g from the t r a n s i t i o n 
s t a r t i n g at the v , n level (at 2862.2 cm ) two l i t t l e u n i d e n t i f i e d peaks (at 2871.0 
cm and 2866.9 cm ) have been f o u n d . For 2 υ 7 (at 2785.2 cm ) f o u r p a r t i a l l y 
-1 -1 -1 
resolved peaks were recorded wi th shi f ts of -3.4 cm , -7.9 cm , -10.3 cm 
and -14.3 cm . Possibly t h e -14.3 cm s h i f t e d peak belongs to combination 
tone 2\>.*v~ ( A . ) and one of t h e others to the hot band t r a n s i t i o n s t a r t i n g at the 
ν . η level . 
The Q-branches o b s e r v e d at 1254.0 cm , 1651.0 cm and 2938.8 cm be­
long to bands of the 0.6oo p r o p y l e n e (C_H f i ) i m p u r i t y m the allene gas sample. 
These bands were measured before in l iquids [ 2 ] at 1297 cm , 1648 cm and 
2924 cm , r e s p e c t i v e l y . No possible assignment ( i m p u r i t y or d i f ference band) 
was f o u n d f o r two l i t t l e peaks at the r a t h e r low f requencies of 512.8 cm and 
546.1 cm 
The assignment of Q-branches observed at f requencies above 4000 cm 
becomes more d i f f i c u l t because of the increasing d e n s i t y of available A, levels. 
We have chosen levels w i t h t h e simplest mode s t r u c t u r e f o r the assignment which 
has to be considered r a t h e r u n c e r t a i n . 
For t h e s t r o n g e s t Q-branches of t h e fundamentals v , , \>j and v , we see the 
13 b r a n c h belonging to t h e H.C =C=CH~ isotope ( n a t u r a l abundancy 2.2%). For 
-1 -1 
\)~ and \>~ we observed isotopie sh i f ts of respect ive ly -8.2 cm and -14.4 cm 
This is m good agreement w i t h the s h i f t s r e p o r t e d in [10] (-7.85 cm and 
-14.00 cm ) and [ 8 ] (-14.1 cm f o r v.,). For v . we determined the isotopie 
s h i f t t o be -17.1 cm b u t the observed Q-branch is somewhat blended by the 
u n d e r l y i n g s t r u c t u r e of t h e v R (E) fundamental b a n d . 
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The observed overtones and combination v i b r a t i o n tones y ie ld the "anhar-
H О 
momcity t e r m " , G i n . , . . . ) - G ' ( п . , . . . ) calculated from e q . ( 2 ) and 
eq ( 4 ) , see column 9 of table 1, which equals the value of the measured anhar-
momc s h i f t in the same table 1, and prov ides information about specif ic anhar-
monic constants χ and g 
rs ^ r s 
3B Hot band t r a n s i t i o n s 
Many of the Q - b r a n c h e s , l isted in table 1, have been f o u n d to be accompa­
nied by resolved satel l i te Q-branches (e g f i g 1 and 2 ) . The intensi t ies and 
spectral f r e q u e n c y s h i f t s of these satell i te Q-branches suggested an i n t e r p r e t a ­
t ion as hot band t r a n s i t i o n s I n\> * kv < - - kv out of one of the two lowest v i b -
r r j j 
rat ional modes ( v 1 f ) = 840 5 cm and v l 1 = 352.7 cm ) or t h e i r overtones ( w i t h 
k= 1, 2 or 3 f o r j= 11 and k= 1 or 2 f o r j= 10). The Raman frequencies of the r e ­
solved hot band Q-branches are collected m table 2 We used a separate table 
because the levels invo lved m t h e hot band t r a n s i t i o n (kv and £ η ν + k v ) are 
j r r r ) 
q u i t e d i f f e r e n t w i t h respect to t h e i r energy and symmetry as compared to the A . 
mode symmetry of the considered Σ π ν t r a n s i t i o n . The f i r s t column of table 2 
gives the assignment, t h e second the band o r i g i n as determined from the spec­
t r a and the t h i r d o u r experimental value of the s h i f t of the hot band £ η ν * 
^ r r r 
kv <-- kv t r a n s i t i o n w i t h respect to the Σ η ν t r a n s i t i o n . The next column J J г г г 
l ists t he anharmomc s h i f t as f o u n d m l i t e r a t u r e , the last column gives t h e an-
harmomcity t e r m G ( n , n = k ) - G ( n = k ) - G ( n ) , calculated due to e q . ( 2 ) , which 
is responsible f o r the hot band s h i f t t o g e t h e r w i t h its experimental va lue, a 
weighted average if several hot bands are o b s e r v e d . 
From t h e hot bands v .^Vy+kv. . < - - k v . . (see f i g . 1 , in which also t h e hot 
bands v f i
+ v 7 * k v l n < - - k v . ^ and the Q-branch of the combination tone 2 ν - + ν ι η + ν 1 . 
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Raman signal (arb. units) Raman signal (arb. units)-
100 
2125 2150 2505 2515 
Raman shift (cm-1) 
Raman signal (arb. units) 
100 
50 
3330 3340 3350 3360 
Raman shift (cm-1) 
Fig.1 Q-branch spectra of 2\u overtone (left panel) and v~+v~ combination tone 
(r ight panel) Besides the mam Q-branch, peaks assigned as v · . hot 
bands are clearly resolved. The relative strength of the peaks reflects 
the thermal populations as argued in sect. ! . Note that for the left 
(r ight) panel the v . , hot bands are red (blue) shifted. 
Raman signal (arb units) 
16A0 1670 1700 
Raman shift (cm-1) 
Fig.3 The (resolved) spectral structure arround the 2v10 overtone (A.) transi-
t ion. Besides the Q-branch of the 2v10 overtone the one of 2v4 has also 
been shown. The bump at 1651 cm belongs probably to the spectrum 
of the CgHg impurity present m the aliene gas sample. As discussed m 
the text the multiple red shifted peaks can be interpreted as Conolis 
perturbations or as splittings of the v . . hot band structure. 
Fig.2 Hot band spectra at the vc*v7 combination tone Q-branch. These hot 
< 
bands arise from the Vg+Vy+kv-^ <-- kv1 0 and Vg+v^kv., <-- kv , , t ransi-
tions. In this spectrum also the 2v3+v10+v.... combination band can be 
seen with its unresolved, blue shifted v . . hot band. 
HOT BAND BAND ORIGIN HOT BAND SHIFT ANHARMONICITY 
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ν 3 * 3 υ ΐ Γ 3 υ 1 1 
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2* 1 0 ^ 1 0 
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2 ν 3 * 2 υ ΐ Γ 2 υ 1 1 
2 3
 і Г
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2 ν 7 * 2 ν ΐ Γ 2 ν 1 1 
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2 ν 2 ' 3 ν 1 1 - 3 ν 1 1 
2 ν 2 * ν 1 Ο - ν 1 0 
1Г П 
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ν 6 * ν 7 < 2 ν 1 0 - 2 ν 1 0 
2 V v i r v i i 
ν 5 * υ 6 * ν ΐ Γ ν 1 1 
ν 5 * ν 6 , 2 ν ΐ Γ 2 υ 1 1 
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(m cm ) 
1075 2 
1078 2 
1081 1 
1069 5 
1067 3 
1444 3 
1436 8 
2137 4 
2133 8 
2130 2 
2515 3 
2519 3 
2502 8 
2788 7 
2791 7 
2875 6 
2877 0 
2878 4 
2862 2 
3345 9 
3341 8 
3352 5 
3355 7 
3887 5 
4965 9 
4959 3 
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THIS WORK 
•3 
•6 
•9 
-2 
-4 
= 1 
-6 
-3 
-7 
-11 
•8 
-8 
*3 
•6. 
•1 
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3 
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1 
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7 
8 
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1 
9 
3 
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Γ
1) 
LITERATURE 
'2 7 [8] 
-2 2 [8] 
0 7 [8] 
•1 2 [8] 
+2 4 [8] 
TERM 
" з . і Г
3 0 
χ =-'> 4 3,10 -
» г . і Г
0 7 
χ 2 , 1 0 = - 6 5 
2 х
з , і Г -
3 9 
'
< 2 , η * χ 3 , η = + 4 2 
> ( 2 , 1 0 * χ 3 , 1 0 = " δ 2 
2
* 7 , 1 Γ * 3 5 
2
> < 2 . 1 Γ + 1 3 
2 * 2 1 0 =-12 1 
χ 6 , ΐ Γ Χ 7 , ΐ Γ - 3 8 
χ 6 , 1 0 + χ 7 , 1 0 = ' 3 0 
2 κ 6 ( 1 1 - 9 9 
χ 5 , ι Γ χ 6 , ι Γ - 6 5 
Table 2 Anharmonic shifts of the observed hotband transitions in the Raman 
< - spectrum of allene ( C „ H . ) . Also the shifts published in the literature 
are given. 
a) 
b) 
The v.« hotband structure of the ν-,^ ν., combination tone looked somewhat 
broadened and too strong. 
Due to the relative poor resolution we use the x_ .- value of [ 9 ] . 
Table 3 The (cross-) anharmonicity matrices x.. and g . (in cm ) for C-H·. 
' ij и 3 4 
Except when indicated the constants have been collected from table 1 
and 2. Except for the case 2vo + kv 1 1 all values are found to be con­
sistent within our experimental accuracy. 
•3 0 
-0 
=0 
-6 2 
-7 Τ 
-6 0 
•0 7 
-12 9' 
,a) 
•1 Γ 
-2 A 
•3 0 »0 
•6 1 
-3 A 
-10 7 
-4 8 
,[13] 
•17 -Α a 
-1 2І,31 
[14] .„ ,[12] 
11 
16] 
[12] 
,[12] 
[11] 
9
..J 
"11 
v10 
"9 
"8 
,[10] 
,[12] A» 
1 "10 11 
a) Obtained by comparison of the anharmonic shift of v-^Vq+v.... (from table 1) 
with the constants available in table 3. 
As in for Vg^v-jQ+v... and 2v, 0 (both from table 1). 
c )
 As in a^ for v ^ v g (from table 1). 
As in for т + о*
 1 п and \>o+\>i1 (both from table 1). 
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w i t h its p a r t i a l l y resolved red sh i f ted hot band 2 v „ * v l f )
+ 2 v l 1 <-- v,, can be 
s e e n ) , one determines х - л·,**-? i i = " 3 . 8 cm From the independent measure­
ments of the hot band s h i f t s at the 2 ν
κ
 and 2v 7 overtones (see table 2) we f i n d 
x - , , = -5.0 cm and χ-, .1..=
+1.7 cm , in agreement w i t h the sum value 6,11 7,11 " 
ж 6 , і Г х 7 , 1 Г 
The hot band satel l i tes of the \)~ and 2 v . Q-branches, belonging to t r a n s i ­
t ions s t a r t i n g at t h e k v , - levels, y ie ld t h e value x«
 1 1 = 0.7 cm From the hot 
bands ν,, + k v . , < - - kv... and v - ^ v - ^ k v ^ < - - kv·., (see f i g . 2, the r i g h t p a r t ) we 
determine x_ . . = 3.0 cm and x« п * 4 · ^ i i = 4.2 cm , respect ive ly , again an i n ­
t e r n a l consistent set of va lues. 
From the r e g u l a r hot band s t r u c t u r e belonging to the 2v.,','k\i... < - - k v , , 
t r a n s i t i o n s (see f i g . 2, the left panel) the anharmonic hot band sh i f t can be d i s -
c r i b e d w i t h a cross- anharmomcity constant x „ . , = -1.9 cm , in contrast to the 
value of + 3 . 0 cm as determined in the p r e c e d i n g p a r a g r a p h . A p p a r e n t l y , t h e 
ladder 2v.,+v..,, 2 v o * 2 v . , , 2v.,*3v,,, . . . experiences a pers is tent anharmonic res­
onance w i t h the c o r r e s p o n d i n g levels of a n e i g h b o u r i n g ladder of c o r r e s p o n d i n g 
symmetries. The e n e r g y of the p a r t i c i p a t i n g levels is h igh enough as to permit 
d i f f e r e n t possibi l i t ies such t h a t no d e f i n i t e choice can be made. For example the 
v i b r a t i o n a l levels ν«, υ „ + ν , , , Vo + 2\i , , , possess possibly the c o r r e c t symme­
t r y and energy spacing to induce such a b e h a v i o u r . However, as m all o t h e r 
cases, the anharmomcity constants obtained from minimal elevated energy levels 
( i . e . f rom t h e ladder v . , + k v , , < - - k v , , ) are bel ieved to be the most p u r e and are 
p r e f e r r e d f o r use m e q . ( 1 ) and ( 2 ) . 
The absence of the v , n and v , . hot bands f o r the v , yields |x, . „ ^ O . S 
-1 -1 
cm and |x, . - | < 0 . 5 cm . The v. level is somewhat p e r t u r b e d by a anharmonic 
resonance (see table 1) and so a p p a r e n t l y are i ts hot band levels. 
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For completeness we mention other results concerning v + v 1 1 <-- v... hot 
band spectra from non-A1 transitions i.e i=11 [11] , 1=8 [14,15], i=6 [12] and 
¡=10 [9,12,13]. From these studies, values for χ . . and g . . have been ex­
tracted directly. Combining the anharmomc shifts of table 1 and 2 with those 
from literature extends the list of available anharmomc constants χ and g. ap-
ij э и 
preciably. For convenience we have presented in table 3 a matrix containing the 
(stil l incomplete) set of all available (prefered) anharmomc constants 
Finally attention is called to the spectrum observed arround the 2v1 f, re­
gion shown in f ig .3. Here numerous spectral peaks appear red shifted to the 
high peak of the 2 v l n (A.) transit ion, whereas one peak corresponding to the 
Q-branch of the 2v. appears blue shifted. The small bump at 1651 cm (but 
not the complete red shifted structure) can possibly be attributed to the impuri­
ty C.,Hfi. Comparison of f ig.3 with results obtained for C_H. at the overtone 
2ν,
η
 (see f ig.2 of [1]) shows some resemblance of spectral structure which cur i­
ously occurs at the same Raman shift frequency From this correspondance one 
would be tempted to believe that the v.« vibration would have its major ampli­
tude in a similar molecular motion. However the v l r , vibrational mode of C-H. 
10 2 4 
consists mainly of a planar rocking motion of its CH--groups [ 2 ] . Therefore the 
most reasonable vibrational mode of aliene would be the Vq CH- rocking mode (at 
999.1 cm ) and not the v.« wagging mode (at 840.8 cm ). However, as was 
shown from intensity considerations, by Mills et al [12] there is evidence of 
some resonant anharmomc mixing between the Vg and v,« modes. Thus the 
structure shown in f ig.3 could be caused, as in the case of C~H4, by Conolis 
resonances. 
Also another explanation remains possible. The v . . * Iv-ir, vibrational exci­
tation process starting at the v.. level contains two vibrational components with 
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E symmetry corresponding to the levels with vibrational angular momentum 
quantum number I. . = І 1 П * І 1 1 =
 +
 1 or -1 respectively Fermi repulsion between 
these two v 1 l
+ 2 v l n E symmetry levels would yield two instead of the usual one 
hot band Q-transitions originating from v,. Similar arguments lead to possibly 
five different Q-transitions originating from the 2V., level etc Such an effect, 
which apparantly did not occur for the other Q-branch combination tones con­
sisting of E symmetry type fundamentals, can also be held responsible for the 
multiple peak structure m f ig 3 A final conclusion has not been reached yet 
3C Comparison of the Raman activity of aliene to other systems 
In table 1 the band strengths of the various observed (overtone or combi­
nation tone) Q-branches have been normalized to the most intense transition of 
the totally symmetric vibration v. A direct comparison between the Raman band 
strengths of overtone Q-branches of related molecules becomes possible when 
the v. (totally symmetric C-Η stretch vibration) Raman activity of the different 
systems is known Following the convention of [16] one normalizes the Raman in­
tensity of the v. to the strength of the Q-branch of the fundamental vibrational 
band N_ (nitrogen) to obtain the relative normalized differential cross section Σ. 
Эо /ЭП (VQ-V ) 
IJ = » (3) 
( W 3 S 2 ) Q , N 2 ( v ( f v N 2 r 4 
For the v. fundamental (A symmetry, C-Η stretch vibration) and its f i rst over­
tone in the molecules CH. (methane), C„H. (ethylene), C-H f i (ethane) and C^H. 
(allene), table 4 gives the relative normalized differential cross section Σ. 
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Table 4 The relative to the N- Q-branch normalized differential Raman cross 
section -1 Σ.. 
ij с н 4 с 2 н 4 с 2 н 6 СзН4 
ν , 8 . 2 a ) 6 . 4 a ) 7 . 7 d ) 1 0 . 8 f ) 
2 v 1 2 . 1 x 1 0 "
3 b )
 1 . 7 x 1 0 " 3 c ) 3 . 2 x 1 0 " 3 e ) 0 . 8 χ 1 θ " 3 9 ) 
a) The I j values for the fundamental v, of СН^, and C^H. are taken from [16] 
b) Using the different ial cross section 3σ/3Ώ of the fundamental v. and its f i r s t 
overtone 2v1 from [17] and the Σ,ίν-,) from [ 1 9 ] , Σ.(2ν1) is calculated 
c) The ratio of integrated band strengths for the fundamental v, and its f i r s t 
overtone 2v. was determined in [1] The I. is taken from [16] to calculate 
d) By comparing the integrated band strength of the fundamental v. for C.,H, 
[1] and CjHg (this w o r k ) , E j tv , ) was calculated 
e) From the measured integrated bandstrength (own unpublished result) we cal­
culated ϊ.(2\ι.) using E j tv , ) 
f ) By comparing the integrated band strength of the fundamental v. for C 0 H , 
I ¿ 4 
[1] and C 3 H 4 (this work, table 1) and using Z j t v . ) of Ο,Η., Σ,ίν·,) was cal­
culated 
g) From the measured integrated band strength of the fundamental v. and the 
vain effort to determine that of its f i r s t overtone 2V. we estimated an upper 
limit of i j ( 2 v 1 ) using I j t v j ) for C-H. 
h) During the determination of the integrated band strength we included the i n ­
tensities of all the (part ia l ly) resolved hot band transitions with equal 
weight 
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From th is table one concludes tha t the Raman ac t i v i t y of the v , fundamental is 
similar f o r all the molecules l i s ted , the same is va l id fo r the much weaker 2v, 
over tone t rans i t ion except f o r aliene which is at least a fac tor of 2 smaller than 
the smallest of the o the rs . The apparent ly low 2V. over tone Raman band 
s t reng th in aliene may be induced by the lending p rope r t y of an anharmonic 
resonance which causes a decrease in the spectral i n tens i t y . 
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CHAPTER 7 
DIRECT OBSERVATION OF TORSIONAL LEVELS AND 
V I В RAT ION-TORS ION-ROTATION INTERACTIONS 
IN RAMAN-SPECTRA OF C 2 H 6 
R F A N T O N I * , К VAN HELVOORT, W KNIPPERS AND J REUSS 
Fysisch Laborator ium, Katholieke U n i v e r s i t e i t Nijmegen 
T o e r n o o i v e l d , 6525 ED Nijmegen, the Nether lands 
Lab Spettroscopia Molecolare E Ν E A , С R E Frascat i , I ta ly 
ABSTRACT 
Detection of spontaneous Raman s c a t t e r i n g induced by an intense A r - l o n 
laser in an i n t r a c a v i t y cell conta in ing C_H f i ( e i t h e r bulk or jet) has allowed the 
measurement of weak bands i n v o l v i n g the exc i tat ion of the tors ional mode v . 
B a r r i e r induced s p l i t t i n g s have been measured up to the f i f t h tors ional level 
C u r r e n t theor ies f o r v i b r a t t o n a l - t o r s i o n a l - r o t a t i o n a l interact ion in case of a 
h igh b a r r i e r have been appl ied to p r e d i c t and i n t e r p r e t the Raman spectra 
The calculated v . e n e r g y levels used in the simulation g ive a q u a l i t a t i v e p i c t u r e 
of the spectra Q u a n t i t a t i v e agreement has been f o u n d up to the t h i r d o v e r t o n e 
by choosing V_=1009 1cm and V f i = n Ocm Measurement of 2VQ + 2V., 
2v f i • 2 v . and 2v_ + 2\>. overtones has g iven informat ion on the e f f e c t of the mo­
lecular v i b r a t i o n s on the tors ional b a r r i e r 
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1 INTRODUCTION 
There is much current interest m the IR spectrum of C-H f i m both astro-
physics and recent on atmospheric pollution. In fact C^t-U lines have been ob-
served m the atmosphere [1] of Jupiter, Saturn, Titan and Neptune [1] and m 
the air above Los Angeles [2] The assignement of the IR spectrum [3] and of 
the fundamentals and a few combination tones of the Raman spectrum [4-6] be-
came possible once it was recognized [5] that the molecule is staggered in its 
equilibrium configuration, thus belonging to the D~ , point group 
Nevertheless the conventional approach used to deal with vibrations of sem-
ir igid molecules is not expected to be completely valid m the case of C-H f i , be-
cause this molecule has three equivalent "equilibrium configurations", which are 
interchanged in rotation of 120 of one methyl group around the C-C axis [7 ] . 
A high (>1000 cm ) torsional barrier [8] impedes free rotation around this ax-
is. The magnitude of the barrier and its effect on IR spectra were f i rs t ob-
served m a low resolution direct measurement [8] of the IR forbidden v. 
torsional mode. As pointed out m several later papers [9-14], the presence of 
this barrier not only affects v4 itself, but also all the vibrational energy levels 
of the molecule, being especially evident when changes of more than one quan-
tum in the v . mode are involved. The theoretical effort up to now has mainly 
been devoted to interpret intermediate [9,10] and high [12-14] resolution IR 
spectra of perpendicular transitions either in combination with a v 4 = 0 •* 1 t ran-
sition or involving levels influenced by a strong Conolis interaction with higher 
v . levels. Information about the barrier has been obtained in a rather indirect 
way by f i t t ing the resolved rotational lines m thevg, v , . and v.-tnodes. The 
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same model has been applied to interpret the Raman spectra measured in this 
work. Even under poor resolution ( f .w.h m > 0.8 cm ) large effects of 
^ exp э 
the barrier on the highly excited v- levels are seen as well as on total symmetric 
transitions measured in combination with Δν. = 2 
The current theoretical approach to the problem of internal rotation in 
C«Hf i is summarized in sect. 2, m order to unambiguously set up the notation 
used to determine the Raman selection rules and to predict the spectra (sect. 
3) A few relevant experimental details of our apparatus are reported in sect 
4. Results are shown and are compared with theoretical predictions in sect. 5 
In the few concluding remarks reported m sect. 6 it is pointed out m which way 
it is desirable to extend the numerical analysis of C_He vibration-
al-torsional-rotational levels 
2 THEORETICAL BACKGROUND 
In this section a few ideas are briefly summarized related to the application 
of group theory to "flexible" molecules undergoing an internal rotation motion. 
The f i rst order Hamiltonian is discussed as in references [9,11-14] for a system 
like C-H f i in which the vibrational-torsional-rotational interaction must be taken 
into account. Raman selection rules and those details of the theory necessary to 
explain the low resolution Raman spectra of v. overtones and combination bands 
are presented. A comprehensive and remarkably clear review of possible barr i ­
er induced perturbations m the vibration-torsion-rotation energy levels of C~Hfi 
has been given by J .T. Hougen [11]. 
2A C 2 H 6 SYMMETRY 
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As summarized in [6] the C~Hfi molecule in its staggered configuration is a 
symmetric rotor belonging to the 12th order D„ , point group. All its fundamen­
tals, except the torsional mode v«, were assigned m 1966 by [6] within the con­
ventional description of a vibratmg-rotatmg semi-rigid molecule Since C.H f i can 
undergo one or two 120 torsional rotations of one methyl group with respect to 
the other, thus transforming itself into equivalent configurations, a larger sym­
metry group is necessary to characterize the vibrortorsional transitions when 
variations of quanta in the torsional mode are involved Loosely speaking there 
are three equivalent С^Нд reference configurations, all of them with D, . symme­
t r y if equilibrium configurations are assumed, which are separated by the tor­
sional barrier Excitation of torsional modes (accompanied by a reduction of 
symmetry to the 12th order D f i point group) as well as tunneling through the 
barrier can mix the levels belonging to the three configurations, A group con­
taining all the three D~ . configurations should be appropriate to describe the 
vibration-torsion-rotation m the molecule overcoming the internal barrier [11]. 
It has been shown that such a group (containing 36 elements) is the G_„ molecu­
lar group originally proposed by Longuet-Higgms [15] 
It is particular to C^H-, as well as to (СІ-ЦКС- belonging to the same G-g 
group, to have two identical co-axial rotors [7,16] , the CH™ groups, whose rel­
ative position defines the torsion angle Ï . This fact increases the symmetry of 
the problem by a factor two when torsions, rotations or vibrations are consid-
ered separately [17,11]. If the У angle for the torsion and the Eulerian angle χ 
for the rotation about the C-C axis (z-axis) are defined according to the coor­
dinate system of Wilson [18] , 6 equivalent configurations of C_He ( e . g . all stag­
gered) are obtained instead of the three expected. The second set of three 
configurations differs from the initial set m orientation by 180 with respect to 
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Table 1 Multiplication table for torsional species m G-, group. 
A1 S 
A3s 
E3s 
A1d 
A3d 
E3d 
Als 
Als 
A3s 
E3s 
A1d 
A3d 
E3d 
A3s 
A3s 
A1s 
E3s 
A3d 
A1d 
E3d 
E3s 
E3 S 
E3s 
A1s + 
E3d 
E3d 
A1d 
A- + 3s 
•A A3d 
E3s 
t E3d 
A1d 
Ald 
A3d 
E3d 
Als 
A3s 
E3s 
A3d 
A3d 
Α
^ 
E3d 
A3s 
A1s 
E3s 
E3d 
E3d 
E3d 
A 1 d + A 3 d + E 3 d 
E3s 
E3s 
Als + A3s + E3s 
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Table 2 C , H R p u r e v i b r a t i o n s . 
mode а р р г о х . d e s c r . f r e q . 
-1 
s y mm. selection rules u n d e r D, 3d 
(*) 
(cm ) under IR(AJ=0, i1) R A M A N ( u J = 0 / i 1 i 2 ) 
Ss'V 
( v , 
Ί 0 
' П 
'12 
C-Η s t r . 
C H 3 def . 
C-C s t r . 
TORSION 
C-Η s t r . 
C H 3 def . 
C-Η s t r . 
C H 3 def . 
b e n d . 
C-Η s t r . 
C H 3 d e f . 
2953.7 
1388.4 
994.8 
289. ) 
2895.79 
1379.19 
2995.48 
1472.2 
821.6 
2968.7 
1468.1 
A 1 s 
A 4 s 
E 1 d 
E 2 d 
INACTIVE 
INACTIVE 
ΔΚ=0 
ΔΚ=ί1 
INACTIVE 
ΔΚ=0 
INACTIVE 
INACTIVE 
INACTIVE 
ΔΚ=±1 
ΔΚ=ί2 
b e n d . 1190 
(*) f rom reference [ 6 ] in t h e high b a r r i e r l imit 
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the C-C axis (a C~ rotation around this axis) The introduction of this further 
+ 
symmetry operation doubles the G-- group and generates the group G_fi which 
+ 
contains 72 elements [17,11] The species in G^g are labelled with s if they 
were already contained m the original G-fi group (s for single) so that they are 
symmetric with respect to the new operation, they are labelled with d if they are 
generated in the double group G, f i (d for double) being antisymmetric with re­
spect to the extra rotation 
2B THE VIBRATION-TORSION-ROTATION-HAMILTONIAN 
As remarked in [11] the vibration-torsion-rotation problem of C2Hg can be 
approached starting from the treatment developed by Bunker [19] for 
(CH3)_C-, although his treatment refers to the low barrier problem. 
In an adiabatic approximation the molecular Hamiltonian can be separated, 
apart from the electronic and nuclear terms, into three distinct terms accounting 
for vibrations, rotations and torsion 
H tot = H V ' H0R + H T < " 
The Hamiltonian can be written to a higher order of approximation 
H tot = H V + H 0 R * H V + H VR + Н У HCor + H T + H ' R T + H " ( 2 ) 
The zero order terms for vibrations and rotations are [19] 
(2 1) H?, - lul'EL * 2 S A 0 Û ! ' I S t h e harmonic oscillator for the 3N-7 molec-
ular normal modes, Л being the Ï independent force constant matrix, 
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О 2 2 2 (2.2) H,-. = В(Р + Ρ ) + АР is the r i g i d r o t o r f o r a symmetric t o p , the 
κ χ y ζ 
c o r r e s p o n d i n g quantum numbers are J and K. 
In (2 1) capital _P s^ are the angular momenta conjugate to the 17 normal v i ­
b r a t i o n s ( j 3 ' s ) , whi le m (2.2) they are the combinations of components w i t h re­
spect to the Eulenan angles in t h e x y plane. 
P e r t u r b a t i o n s arise f r o m . 
9 2 ' ' 2 (2.3) H'.. = B ( p ~ + ρ ) + A ( p ~ + p y ) which is a p u r e l y v ibrat ional per-V X y Ζ £ 
t u r b a t i o n and represents the interact ion of the v i b r a t i o n a l angular momenta f o r 
degenerate v i b r a t i o n s ( w i t h ρ = Q'ç Ρ" and where ζ is the Coriohs coupl ing 
constant along a f i x e d axis) 
(2 4) H ' . / D = -α (Ρ + Ρ ) -a Ρ gives the dependence of the rotat ional 
ν κ χ у Ζ 
А В 
constants on the i-th v i b r a t i o n a l mode t h r o u g h the α and α parameters [ 1 4 ] . 
(2.5) H ' R = -D¿P4 -D¿ K P^P 2 - D Q P ^ IS due to the cent r i fuga l d i s -
to r t ion of rotat ional levels [ 20 ,14 ] , where Ρ is t h e total angular momentum oper-
2 2 2 2 
ator ( w i t h Ρ = Ρ +P +P ) in the laboratory coordinate system. 
(2.6) H ^ = -2Β(Ρ ρ -Ρ ρ )-2A(P ρ - P v p J is the Coriohs interact ion 
Cor x ' x у у z z ! Γ Ϊ 
[19] Th is term is extens ive ly discussed f o r C - H - m references [ 1 1 - 1 4 ] . The 
tors ional mode is usual ly t r e a t e d as a harmonic osci l lator in th is expression 
[ 1 2 ] , if i t is involved m a Coriohs i n t e r a c t i o n . 
In e q . ( 2 ) , H T is the tors ional p a r t of the Hami l toman; th is is the term re­
levant to t h e present i n v e s t i g a t i o n , c o n t a i n i n g the f r e e tors ion and all b a r r i e r 
induced p e r t u r b a t i o n s , 
(2 7) H-,- = А Р ; • V ( ï ) + l Q 'A( Ï )Q" • ( F J P 2 + F K P 2 ) . 
In (2 .7) the f i r s t term is the f ree tors ion opera tor w i th respect to the z ax is . 
The second term describes the torsional b a r r i e r [ 1 9 , 1 2 ] . The t h i r d term stems 
f rom the Η'^,-ρ t e r m of [ 1 2 ] ; i t accounts f o r t h e inf luence of the torsional b a r r i e r 
on all t h e v i b r a t i o n a l modes t h r o u g h t h e ï - dependen t fo rce constant matr ix A. 
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The fourth term is H'-pp used m [20], it is due to the barrier-induced centri fu-
gal distortion of rotational sublevéis m a torsional excitation The explicit ex-
pressions of the these terms will be given m sect. 2C. 
(2.8) H ' R T = -(D¿LP2 • D Q L P 2 • Dy PyJPy - (dJP2 + dKP 2 + 
L 2 d Pr)P PY is due to the torsional distortion of rotational levels [20]. The use 
of Pv m the present work instead of ρ m [20,21] gives a slightly different 
—•ο — a 
physical meaning to the distortion constants. 
The H" term of eq (2) is not further considered. It contains all the higher 
order perturbations not included in the previous expressions Some of those 
perturbations occurring in the ground state or in vibrational fundamentals may 
be found m [11-14]. It is relevant to point out, before discussing the present 
results, that cubic terms coming from the anharmomc part of the vibrational po­
tential are neglected in the H" term for all the 3N-7 vibrational modes. 
2C THE INTERNAL ROTATION BARRIER IN CjHg 
We consider the torsional Hamiltoman H T of eq. (2.7) m more detail. In 
the limit of an infinitely high barrier and for a fixed К value, for each torsional 
+ 
quantum number v., six degenerate energy levels are generated in G 1 f i ; these 
are symmetry labelled m the same manner as the torsional wavefunctions them­
selves in this group (see the correlation diagram m f i g . 1). Different splittings 
of this 6-fold torsional degeneracy may occur according to the magnitude of the 
potential barrier [16]. According to Bunker [19] , the vibrational perturbation 
of Η',,-ρ may be limited to the diagonal term so that the λ coefficients are de­
fined as 
1 1 »W 2 
• Q ' A W Q " = ' Σ XfOQf (3.1) 2— — 2 ^ j | 
77 
In eq (2.7) all the ï dependent terms can be expanded m a Fourier series of ϊ · 
V ( ï ) = I f v , [exp(6niï) • exp(-6ni!f)] (3.2) 
λ.(20 = о Т ^ ^[ехр(6піГ) + exp(-6niï) ] (3.3) 
F1 = ] Σ F' [ехр(бпіУ) + exp(-6mï) ] (3.4) 
^ ti.·/ J π 
I = J or К 
The subscript 3 in eqs. (3.2-3.4) reminds us of the physical meaning of the 
barrier which couples 3 potential wells, while the 6-fold periodicity comes from 
the choice of Ϊ , as already mentioned in sect. 2A. The Fourier expansions 
(3.2-3 4) are fast converging [10,19,20], and so they may be truncated either 
at the f i rst term (n = 1) [19,20] or at the second term [12,21]. Retaining the 
second term, we obtain: 
HU) = 1(V,* Σ ^ ^ 2 • F^P2 * F^P2)(1 - cosGï) 
Ζ ó : - ƒ o J o ó Ζ 
* h v / f f a ' ÎQ2* FJfiP2 * FfiKP2)(l - COS12T) ( 4 ) 
If we consider only the n=1 term of eq. (4) it is straightforward to discuss the 
physical meaning of all the parameters there introduced. V., is the barrier 
height, i.e. the barrier experienced by the molecule during torsional motion. 
V,J is the extra torsional barrier which is seen by the j - t h vibrational mode 
J К 
in a coupled vibrational-torsional level. F„ and F- are the barrier-induced 
distortion coefficients of rotational sublevéis m a torsional excited level. 
78 
The effect of the presence of the barrier (V-^IOOO cm ) m the C-H f i tor­
sional mode is shown m [ 9 ] . For each principal torsional quantum number the 
original set of six levels are split into two non degenerate and two 2-fold degen­
erate levels Different symmetries are obtained according to whether v . is even 
or odd As already stressed in sect. 2A, the overall vibration-
al-torsional-rotational wavefunction belongs only to the G-R group m general, 
+ 
ι e. under G- f i only s-type total configurations are permitted (see f i g . 1 ). As 
can be observed in table II of reference [17], the symmetric top wavefunctions 
are of s or d species according to the К parity. Rotational sublevéis have s 
symmetry for К even and d symmetry for К odd. E g . , for К = 0 only two ener­
gy levels, one two-fold degenerate and the other non-degenerate, are possible. 
As another example, for К = 3 one obtains two levels, one four-fold degenerate 
(E_ and E.) and one two-fold degenerate (A- and A-) level 
Far below the barrier a regularity m the spacing of the four torsional sub-
level energies occurs [ 9 ] . For each originally degenerate set of torsional sub-
+ 
levels in the 6-fold symmetry of G_ f i, the energy is split by integral multiples 
inS (n = ±1,±2) [22] The multiplication table of torsional species is shown m ta­
ble 1. 
For small quantum numbers v . and К the levels of C_H f i are summarized in 
f i g . 1 together with the correlation to the (nearly) free rotor case described by 
the quantum numbers (K,L) [19a] (see also table 7 of [ 7 ] ) . Here L represents 
the torsional angular momentum with respect to the C-C axis. 
Calculations of torsional sublevéis in [9] were performed with V« = 1024 
cm and V f i = 0, as proposed by Weiss and Leroi [8 ] . Corresponding splitt ing 
-3 -1 -2 -1 
parameters obtained were S = 2*10 cm for v . = 0, S = 7x10 cm for v. = 1 
and S = 1.25 cm for ν 4 = 2. This choice for V , and the truncation at η = 1 in 
the Fourier expansion of eq. (3.2) could account for the IR measurements on 
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t h e fundamental υ . (О-*!) and f o r its hot band (1->2), ι e f o r torsional energies 
up t o ν . = 2 
2D THE CORRELATION DIAGRAM 
The corre lat ion diagram is c o n s t r u c t e d from t h e informat ion shown m tables 
+ 
3 and 4 In table 3, the symmetry species of the tors ional motion Γ— under G - . 
are specif ied t o g e t h e r w i t h the s p l i t t i n g s ±nS [11] To f i n d the overal l symmetry 
species, table II of [17] is used where the symmetry species r R of the rotat ional 
wavefunct ions are g iven The p r o d u c t s in G--, Γ-ρ χ r R , are then determined 
f rom t he mul t ip l icat ion t a b l e , e g see [11] 
From th is p r o c e d u r e , one obtains the s h i f t s of the near ly degenerate levels 
in t h e high b a r r i e r l imi t , as indicated m f i g 1 b y nS/mS, here the numerator 
(nS) corresponds to the s h i f t of the upper leve l , t h e denominator (mS) to the 
s h i f t of the lower one (see also table 4) 
2 
The rotat ional energy term ( A - B ) K is taken into account, q u a l i t a t i v e l y , in 
f i g 1 The inf luence of the term BJ(J + 1)is neglected For the f r e e r o t o r l imi t , 
t h e v i b r a t i o n a l angular momentum term AL~ is reckoned w i t h The К = 0 levels 
belong to the b r a c k e t e d symmetry species, f o r odd J va lues, and to the u n -
b r a c k e t e d ones otherwise [ 7 ] 
3 RAMAN SELECTION RULES FOR Q-BRANCHES 
The 17 normal modes of C~H f i belong to t h e f o l l o w i n g representat ions [ 1 1 ] , 
Г . = ЗА, * 2 A . • ЗЕ, . • ЗЕ, . (5) 
v i b Is 4s I d 2d 
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( д.К) 
(2.3) 2 S /-S 
(2,2) S /-2 S 
(2.1) 2 S /-S 
(2.0) 
Ai -»Аг *ЕЗ*ЕІ 
S/_2S А 1 .Ез(А г >Е 4 ) 
(1.3) 
(1,2) 
(LD 
(1.0) 
(0.3) 
(0,2) 
(0,1) 
(0,0) 
S/-2S 
2S/_s 
S/-2S 
25/. s Аз + Ез(А<»Е4) 
2S/_s Ai *А2*Ез*Е4 
S/-2S 
2S/-S 
S/-2S Α , ^ Α , . Ε . ) 
high barrier limit low barrier limit 
F i g . l Diagram c o r r e l a t i n g the rotat ional- tors ional levels in t h e high b a r r i e r l im­
it ( i n d i c a t e d b y t h e ( ν . , Κ ) label) and the low b a r r i e r l imit ( indicated b y 
the ( K , L ) l a b e l ) . The s p l i t t i n g parameter S is discussed in the t e x t . 
Symmetry species are g iven accord ing to t h e G~6 g r o u p notat ion. 
Table 3 Torsional sublevéis m the vibrational-rotational-torsional scheme of 
+ (*i C~Hfi, in the G-« group representation 
v4 even 
К even 
(2,4,6) 
tors split. 
symm. 
К odd 
(1,3,5) 
tors. split. 
symm. 
E3s ( G s ' G s ' E 3 s + E 4 s ) * S 
A l s Έ ΐ , ' Ε ΐ , ' Α ΐ , ^ , ) - 2 S 
А
З
а
( Е
І 5 '
А 1 5
+ А 2 5 '
Е 1 5 ^
 + 2 S 
tors 
symm. 
К even 
(2,4,6) 
split. 
\. odd 4 
tors. 
symm. 
К odd 
(1,3,5) 
split. 
A 3s ( E 2 s ' E 2 s ' A 3 s + A 4 s ) ' 2 S 
E3s ^ s ^ s ' ^ s ^ s ^ - S 
3d s 3s 4s s 
A, , (E0 ,AQ + A. ,E 0 ) -2S id 2s 3s 4s 2s 
(*) rotational-torsional products [11] are given m brackets for К modulo 6, for 
any J (the special case K=0 is not considered). Symmetries can be derived us­
ing table II of [17] and table II of [11]. 
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Table 4 Shifts due to weak tunnelling 
level (ν-,Κ) (even,0) (even,!) (even,2) (even,3) (even,4) 
shift S/-2S 2S/-S S/-2S 2S/-S S/-2S 
level (v 4 ,K) ( odd,0) ( odd,!) ( odd,2) ( odd,3) ( odd,4) 
shift 2S/-S S/-2S 2S/-S S/-2S 2S/-S 
(*) S stands for the shift parameter, which determines the position of the upper 
level ( f i rst number) and the lower level (second number). 
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as shown m table 2. 
For Raman activity to occur it is necessary (ι) that the transition is al­
lowed in the D_ .-group (high barrier limit) and (и) that the participating levels 
belong to the same symmetry species (see table X of [19]). Two examples of 
pure torsional transitions are explicitly indicated in f ig 1 in the high barrier 
limit; these transitions obey the selection rules iL = 0,6,12,.. in the free rotor 
limit AL = 0 does not occur for pure torsional transitions In the case of vibra­
tional-torsional transitions the product of the vibrational species Γ ., χ Γ , has 
r r V V 
to be Α. in order to yield Q-branches in Raman spectra 
Next we discuss specific cases of Raman transitions. 
(a) Δν4= 2 transitions (the 2\>. overtone and its З . - v., 4v- - v. and Sv. 
- 3 v 4 ) ; Δν 4 =4. 
Barrier-induced splitting transforms each of these branches into a quartet. 
Therefore it is interesting to investigate the position of the bandsm more detail, 
once the average torsional frequency ε = E'. - E". and the splitting parame­
ters defined in sect 2C for the initial (S") and the final (S') torsional states 
are known. In table 5 the expected transitions for the f i rst v · overtone and its 
hot band are listed, as calculated with the distinction between even and odd К 
retained. 
From table 5 it can be noticed that two different ΔΚ = 0 transitions occur in cas­
es of coupling between even and odd K. In case of v/ ' and v / both even, 
transitions between even К levels correspond with those coupling odd К levels 
in case of both v." and v / odd. Because of the twofold degeneracy of the E 
levels, the inner components of the quartets are twice as intense as the outer 
ones. Even and odd К give rise to two distinct doublets, the one less shifted 
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Table 5 
Raman active 2v. o v e r t o n e band 
Δν. = 2 ΔΚ = 0 v 4 ' , v 4 " even 
К even К odd 
t r a n s i t i o n between f r e q u e n c y t r a n s i t i o n between f r e q u e n c y 
tors ional species tors ional species 
A 1 s " - > A 1 s ' E -2S"-2S' E 3 d ' U E 3 d ' ε + S " - S ' 
Ч*"*Ч*
 ε
"
 δ
"
+
 ^ ^ " ^ d ' e-2S"+2S· 
Raman active З . - v. hot band 
Δν. = 2 ΔΚ = 0 v . ' , v . " odd 
4 4 4 
К even К odd 
t r a n s i t i o n between f r e q u e n c y t r a n s i t i o n between f r e q u e n c y 
tors ional species tors iona l species 
E 3 s " ^ 3 s ' E * S " - S ' A 1 d " M 1 d ' c*2S"-2S· 
A 3 s " M 3 s ' t-2S"*2S· E 3 d " ^ 3 d · ε- S" + S' 
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w i t h respect to ε b u t twice as intense ( b e i n g the sum of two d i f f e r e n t t r a n s i ­
t i o n s ) Results obta ined m t h e case of negl ig ib le S" are summarized m table 6 
( b ) Δν 4 =2 / Δν =1 t r a n s i t i o n s (1 < ι < 3) are Raman allowed w i t h the same se­
lection rules as f o r t h e p u r e tors ional t rans i t ions(AL=0 are also permit ted) They 
g i v e Q-branches s p l i t t e d into q u a r t e t s as discussed in case (a) 
(c) Δν 4 =2, Δν -2 t r a n s i t i o n s (1 < ι < 12, ι / 4) y i e l d the same resul t as in 
case ( b ) . 
4 EXPERIMENTAL 
Our apparatus f o r Raman spectroscopy has been already descr ibed 
+ [23,24] E x c i t i n g radiat ion was p r o v i d e d by an A r laser (Spectra Physics 
170). In o r d e r to maximize the available power an i n t r a c a v i t y set up has been 
b u i l t b y removing the o r i g i n a l laser o u t p u t m i r r o r and replacing it by two c o n ­
vex ref lectors ( r a d i u s 10 cm and 5 cm r e s p e c t i v e l y ) which are mounted inside 
t h e sample cell and suppl ied w i t h f ine a d j u s t i n g systems The i n t r a c a v i t y power 
of 165 W was determined b y comparing i n t r a - and e x t r a c a v i t y Raman s ignals. 
+ 
Measurements have been performed by using the two intense A r t r a n s i t i o n s at 
λ=488.0 nm and λ=514.5 nm A beam waist of 50 urn diameter is obtained at the 
f o c u s . From t h a t posit ion the scattered Raman l i g h t is collected by a r e f l e c t o r 
(R = 5cm) and a lens (f = 8cm) and focused on t h e entrance sl i t of a double mo-
nochromator ( J o b m - Y v o n , Ramanor HG.2S). The adjustable sl i t allows an i n ­
crease of the resolut ion at the cost of signal i n t e n s i t y . For Raman sh i f ts above 
2000 cm , t y p i c a l measured values v a r y f r o m f w . h . m . = 1 5 cm (200 μπι s l i t ) 
t o f . w . h . m . = 0.7 cm (50 μιτι s l i t ) At t h e monochromator e x i t t h e Raman signal 
is detected b y a cooled photomul t ipher w i t h a red sensi t ive GaAs photocathode 
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(Hamamatsu R943). A microprocessor (Apple Mc) controls the monochromator 
scans and processes the data from the photon counting system (Brookdeal 5C1). 
After each scan the frequency scale of the monochromator is calibrated 
against many plasma lines present m our discharge tube. These lines, meas­
ured with a metallic rod inserted into the cavity to reflect the plasma light and 
to prevent laser emission, have been in turn calibrated with 45 identified Ar-ion 
transitions [25]. The accuracy achieved in this way is better than 0.5 cm 
Different portions of the Stokes Raman spectra were recorded with different 
scan velocity according to the signal intensity and the desired resolution (a t y p ­
ical computer scan had a speed of 0.2 cm /mm ) 
In bulk measurements were carried out at atmospheric pressure. In order 
to perform jet measurements on cold molecules, a 250 ym nozzle was mounted m 
the cell. Its adjustable position with respect to the scattering point permitted to 
analyze regions of the beam which were differently cooled down Stagnation 
pressures of 3-8 bar of pure C-HR were used in the jet experiments, with the 
3 
pressure in the cell kept lower than 1 5 torr by a 500m /h roots pump. The 
nozzle-scattering point distance was varied from 40pm to 400ут. Particular care 
was devoted to identifmg plasma lines which could be enhanced because of re­
flection with the nozzle surface. 
A pure sample (99.9 ° from AGA Gas BV) has been used without further 
purification. No evidence for propane and propylene, present in lower purity 
samples, was found. 
5 RESULTS AND DISCUSSION 
5A TORSIONAL RAMAN ACTIVE BANDS 
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On the basis of the selection rules reported m sect 3, Raman active tor­
sional multiplets are expected for 2v4 and 4v. overtones as well as for 3v. - v>4, 
4v4 - 2\). and higher Δν.-2 hot bands. 
The v. mode and its f i rs t hotband 2v. -v^ has been measured previously 
only m high pressure low resolution F.I.R. spectra [ 8 ] , so that no information 
concerning the dependence of A and В rotational constants on the torsional 
quantum number is available m the literature. For this reason, the bandhead of 
the observed transitions cannot be deduced from the measured band centers by 
correcting for the A and В variations m the final and initial states [24]. 
In the range 300cm - 550cm the expected Raman spectrum for the 2\>. 
band and its hot bands is shown in f i g . 2 Levels calculated in [9] correspond­
ing to V 3 = 1024 ì 10.5 cm as measured m F I.R [8 ] , have been used in the 
simulation of 2v4 and З .- д multiplets, unknown rotational fine structure has 
been neglected and an experimental width of 2 1 cm with a gaussian profile 
has been assumed The 4v4 levels were not reported m [9] and only the E« 
and E„ . sublevéis were given previously, for ν . = 4 [26] We have calculated 
all the 4v4 torsional sublevéis for V3 = 1024 cm and V f i = 0 cm by using a 
computer program developed for the CbUCD., torsional-rotational Hamiltoman 
[27]. Input data were the barrier potentials V , and V f i , the rotational constant 
A = 2.671 cm [3,9,26] , and the ratio of momenta of inertia ρ = l t / ( l t * l f ) 
where I. and I, are associated with the top and the frame rotors [19,27]. For 
C-M-, I. = Ι,, ι e ρ=0.5. Results of [9] and [23] have been reproduced within 
a few tenths of a wavenumber. 
As far as the relative intensity of the torsional overtone hot bands is con­
cerned, f i rs t the Boltzmann factor has to be considered At room temperature, 
the partition function gives 73.8° for the ground state population, 18 60o of pop-
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Raman intensity (arb. units) 
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(2—4) 
E 3 d * E 3d 
(2-4) 1 
Ais * A'ls 
(2 — 4) 
(0 ~2) 
E 3 s - * E 3 s 
E 3d-» E 3d JJ-
A'id^-A'j, 
ΑΙ', «A'·, 
ii 
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Raman shift (cm-1) 
Fig.2 C-Hg calculated spectrum (\Л,=1024ст , Vf i=0) for Raman transitions be­
tween torsional overtones The experimental resolution fixes the width of 
the gaussian peaks. 
ulation in the f i rst (v.) excited torsional multiplet, 5.40o in the second (2\>.) 
multiplet and 1 85o in the th i rd (3υ.) one. On the other hand it is well known 
that m calculating the Raman intensity of an overtone (Δν=2 transition) the 
quadratic polanzabihty term m the involved normal coordinates is important [28] 
(even in the simple case of a harmonic oscillator) In [12] it is shown that in the 
case of levels well below the barrier, the expansion of H. gives for the torsion 
^ tor э 
an expression analogous to the harmonic oscillator; the square of the torsional 
2 
coordinate depends on the expected value of <! - cos63r> as Q. - <1 -
cos6ï>/36A. According to the values of <1 - cos6ï> calculated with \Л = 1024 
cm , the З .- . and the 4v.-2v. gam respectively a factor 2.5 and 3.9 with re­
spect to the 2v4 overtone. The relative intensities in the predicted spectrum 
2 
shown in f ig 2, take into account both the Q. factors and the population of 
the initial levels Alterations m intensity due either to Fermi resonances or to 
Coriohs interaction with other vibrational modes have not been considered. 
The measured ( f . w . h m. = 2.1 cm ) Raman spectra m the region of the 
torsional overtones are shown in f i g . 3 (from 430 cm to 555 cm ) and in f i g . 4 
(from 280 cm to 425 cm ). 
tion The 2v4 band has been investigated in detail with better résolu 
( f .w.h .m = 0.8 cm ) In fig 5 results are compared with the best f i t de-
exp 
convolution. A gaussian f i t of the data has been f i rst produced by f ixing the 
four peak positions m the torsional multiplet at the values obtained from [9 ] , by 
allowing for a position shift within the experimental uncertainty ( i0.5 cm ) and 
variable widths, and for variable intensity ratios among the four peaks The re-
sult was m agreement with the expected 1:2:2.1 quartet if a width of 2.5 cm 
is chosen; a red tail of each single Q-branch was also noticed. A deconvolution 
including the possibility to vary the red wing of each gaussian peak has been 
tr ied but the large number of f i t parameters prevented us from obtaining any 
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Raman signal (ets sec-1) 
440 460 480 500 520 540 
Raman shift (cm-1) 
Fiq 3 C H . measured Raman spectrum in t h e range 400 - 550 cm , e x p e r -
э
 2 6 
¡mental resolut ion 2.1 cm" 1 (λ = 488.0 n m ) . Ρ indicates a plasma l ine. 
Ramon signal (cts sec-') 
340 360 360 400 420 
Raman shift (cm-1) 
Fig.4 C 2 H 6 measured Raman spectrum in t h e range 275 - 425 cm , e x p e r ­
imental resolut ion 2.1 cm" (λ = 514.5 n m ) . I labels i m p u r i t i e s . 
Raman intensity (arb. units) 
100 
5Д0 545 550 
Raman shift (cm-1) 
Fig 5 2 υ . mul t ip let measured w i t h 0 8 cm resolut ion ( t h i c k solid l ine) com­
pared w i t h the best f i t c u r v e ( t h i n solid l i n e ) , each gaussian used is the 
deconvolut ion in also shown (dashed l ines) 
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significant improvement. The best f i t was obtained with four peaks having 
not-fixed positions and 2.5 cm width ( f i g . 5), it does not differ significantly 
from the case of V- = 1024 cm After subtracting the experimental width, a 
residual width of 2.37 cm is obtained for each peak, which is related to the 
torsional-rotational distortion constants. Results for the 2υ. overtone are sum­
marized in table 7 
The well resolved quartet expected for З . - ν- m the region 440-500 cm 
is evident in the measurement shown in f i g . 3 The measured intensity inte­
grated over all the 3v.-v. components has been compared with the 2v4 one. The 
measured intensity ratio 0 743 is slightly larger than the 0.634 value expected 
from the calculation reported in f ig 2. Each resolved peak, except the one cen­
tered at 456.1 cm , is well f itted with a distorted gaussian having 2.7 cm 
width. Thus a proper width of 1 7 cm is obtained for each component of this 
multiplet The observed narrowing of the width with respect to the 2v. band 
J К 
seems to indicate a cancellation effect of the F- and F_ coefficients with the 
relevant distortion constants of eq (2.8), occurring especially for higher tor­
sional excitation. A shoulder, probably due to the most blue shifted component 
-I 
of the 4\).-2v. multiplet, is discernable for the peak at 456.1 cm ; this shoulder 
has been discarded in our intensity and width estimates. Results for this multi­
plet are summarized m table 8 and comparison with the theoretical predictions of 
[9] indicates that the barrier height should be lowered. For C-H- a lower V- va­
lue together with a non-zero V f i, V„ = 1008.7 i 3.5 cm and V f i = 7 ± 3.5 cm , 
was deduced from a microwave spectroscopy study of its (low symmetry) deuter-
ated isotopes by evaluating the isotopie shift [29]. Similar results are obtained 
in analysis [27] of radiofrequency measurements on CFUCD-, yielding V , = 
1006.9 i 3 5 cm if Vg = 7.0 ± 3.5 cm"1 is assumed. As table 8 clearly shows, 
experimental results are m good agreement with [27,29]. High resolution IR 
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Table 6 Torsional q u a r t e t s predicted f o r Raman spectra of Δν. = 2 t r a n s i t i o n s . 
(Σ Κ + Σ , ,K and S" negl ig ible i .e. S " « S ' ) 
even odd э э ' 
v 4 . v 4 even v 4 " , v 4 ' odd 
f r e q u e n c y m t . ratio К f r e q u e n c y m t . rat io 
odd 
even 
1 
2 
2 
1 
odd 
1 
2 
2 
1 
* follows f rom the degeneracy of coupled levels 
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Table 7 Summary of resul ts f o r the 2 v 4 o v e r t o n e 
e x p . calculated 
t r a n s i t i o n s (±0.5) V3=1024 V 3 =1008.7 ^ І О О Э . І 
( 0 " - 2 ' ) V 6 =0 V 6 = 7 · 0 V 6 = 1 1 · 0 
[9] 
541.46 541.45 539.68 541.50 
542.58 542.65 540.97 542.80 
545.24 545.15 543.67 545.50 
546.87 546.45 545.08 546.91 
(@) all values are in cm 
(*) if not otherwise specif ied results refer to p r e s e n t w o r k . 
A , - A . Is Is 
F "-»F 
^ d t 3 d 
3s 3s 
A "-»A A 3 d A 3 d 
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( • * • ) ( @ ) 
Table 8 Summary of resul ts f o r the З д - v . hot band t r a n s i t i o n 
e x p . calculated 
t r a n s i t i o n s (±0.5) V3=1024 V 3 =1008.7 V 3 =1009.1 3 v 4 e x p . 
(Т '^З ' ) V 6 = 0 V 6 = 7 . 0 6 = n . O v 9 f i t 
[9] (#) [13] 
A 1 d " " > A 1 d ' 4 4 8 · 4 454.51 448.37 448.74 456.06 
E ^ ' - E ^ ' 456.1 461.93 456.13 456.52 460.89 
W ^ S d ' 4 7 5 ' 4 480.09 475.29 475.75 476.93 
A 3 s ' " , ' A 3 s 4 8 8 ' 9 492.44 488.64 489.18 490.18 
((a) all values are in cm" . 
(*) if not otherwise speci f ied results refer to present w o r k . 
The g r o u n d state and υ . levels calculated frort 
has been assumed in ca lculat ing the t r a n s i t i o n s 
(#) m V - = 1024 cm" , V 6 = 0 [ 9 ] 
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spectra of VQ reported in [12,14] were affected by an accidental degeneracy of 
З д levels. Investigation of the VQ band over a broad frequency [13] range 
yielded different values for the З ^ levels from a best f i t with an uncertainty of 
iO 5 cm . The results of [13] roughly correspond with V , = 1025 3 cm and 
V f i = 0 If the ground and \>. levels are calculated with Vr,=1024 cm and V f i=0, 
the З .- . Raman active transitions have been obtained and compared with other 
results in table 8. As m case of [12] the 3v. levels obtained from the Vq band 
analysis are not completely reliable Present results, being the only direct mea­
surement of the З д level through its Raman active hotband, indicate that the 
values V, = 1008 7 cm and V f i = 7 cm are necessary to reproduce the excited 
torsional levels for v 4 = 3. A new f i t of the 2v4 band has been attempted by us­
ing these last values of the barrier potentials Data were found in disagreement 
with the overall red shift of 1 8 cm predicted by this calculation, (also re­
ported in table 7) From the simultaneous analysis of 2\>. and З . - v. Raman 
active bands the necessity of deducing new values for the barrier parameters 
emerges in order to reproduce the frequencies of all the measured torsional 
transitions (within the present experimental uncertainties). 
Present data for the 2v. overtone and 3v- - v. hot band transitions have 4 4 4 
been used m a best f i t calculation of the potential barrier parameters, together 
with the v. line at 289 cm and 2\).-\i. at 255 cm and 258 cm from [ 8 ] . The 
Raman transitions, assigned and discussed m sect. 3, have been used as input 
for the f i t . In the case of the IR data, instead of the tentative symmetry label­
ling reported in the original work [ 8 ] , we have used these selection rules which 
account for the weakly allowed microwave transitions observed m C 5 H f i [26]. 
Consequently, the transition appearing at 289 cm is associated with 
non-resolved E_ -•E., and E- ,-•£-, excitations. In the 2\>. - \>. hot band these 
components are resolved (the E„ , at 255 cm and the E- at 258 cm , respec-
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t ive ly) . Experimental uncertainties were i l cm for the IR data and ± 0.5 cm 
for present Raman ones Values of V., = 1009.1 ì 0.7 cm and Vg = 11.0 ± 0.7 
cm have been obtained f i t t ing all the torsional levels up to v4=3. These val-
ues, with their small error bar reproduce well the properties of the excited tor-
sional states (see table 7 and 8) much better than the parameters for the poten-
tial barrier roughly extrapolated from the microwave measurements on 
deuterated species, since the latter data mainly refer to the molecular ground 
2 
state [27,29] are rather insensitive to the V- value [27]. Q. factors calculated 
for these barrier parameters give negligible differences for the torsional hot 
band relative intensities with respect to the case shown in f ig. 2 (V, = 1024 
cm and V 6 = 0 cm ) 
The 4v. - 2\>. hot band also appeared in the measured Raman spectra ( f ig . 
3-4). With the computer program of Ozier and Meerts [27], the 4\>. levels have 
been calculated both for V3 = 1008.7 cm"1 , Vg = 7.0 cm"1 and for V- = 1009.1 
cm , V f i = 11 0 cm However, the model of [9] and [27] is expected to yield 
reliable torsional sublevéis only in cases of low v 4 ; if the barrier top is ap-
proached results may become very poor [21]. For this reason it is well possible 
that the potentials which predict all the torsional levels up to v . = 3 fail to de-
scribe the 4v4 torsional quartet which is located close to the barrier top (ε. = 
931.8 cm with V- = 1024 cm ). Positions of the predicted 4v. - 2v4 quartet 
are listed in table 9, together with the corresponding peaks which have been 
observed m the Raman spectrum measured between 300 and 500 cm . Since a 
few unassigned impurities, still present in our sample, appear in the spectrum 
reported in f i g . 4, the 4v4-2v4 transitions for C_H f i have been identified by ob­
serving their disappearance on cooling the molecules m a jet expansion. As f i g . 
3 and 4 show, four peaks are clearly observed for the 4\>. - 2v4 excitation. 
Their position is reproduced within = 5 cm both in case of ,=1008.7 cm , 
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Table 9 Summary of results for the 4 v . - 2v. t r a n s i t i o n . 
exp calculated 
t r a n s i t i o n s (±0.5) V3=1024 V 3 =1008.7 V 3 =1009.1 
{2"M'i V 6 =0 V 6 =7 v 6 = 1 1 · 0 
334.7 342.20 334.66 334.06 
357.9 364.07 357.45 356.92 
402.4 412.39 406.72 406.27 
458.6C) 462.94 458.98 458.74 
(@) all values are in cm 
(*) if not otherwise specif ied results refer to present w o r k . 
( + ) t h e shoulder decreases the accuracy to i l . O cm 
Α
η
 ""A, Is Is 
F "-»F t 3 d ^d 
E_ " - E T ' 3s 3s 
A "-A A 3 d A 3 d 
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Vf i-7cm and of V« = 1009.1 cm , VR = 11.0 cm ; worse agreement is obtained 
with Vo=1024cm No better agreement has been achieved try ing also to f i t the 
4\>. levels by varying \Л and V f i. The remaining uncertainty does not seem to 
be related to the present experimental accuracy but to a failure of the model if 
levels close to the top of the barrier are approached. The peaks of the 4v. -
2v4 multiplet appear with measured width f . w . h . m . = 3.0 cm , which after sub-
tracting the experimental resolution yields a proper width of 2.15 cm ; this va­
lue is larger than the width of the З .- . components. 
The 4v4 - 2v4 overall band intensity with respect to the 2v. and З .- . 
bands (0.382 and 0.514) is much larger than expected (respectively 0.283 and 
0.446); the intensity ratios between the different components are by far differ­
ent from the 1:2:2:1 quartet expected (see f i g . 2) . These facts call for further 
discussion. As stated in [30,11] several different interactions occur between 
vibrational-torsional-rotational levels in the G_f i group; e.g. the higher tor­
sional levels may be coupled with fully symmetric vibrations. The v« mode at 
994.8 cm is the best candidate for interactions with the torsional overtones 
which would perturb the Raman spectra. 
Α ΔΚ=0 resonance may occur between torsional-rotational sublevéis of v , 
(Γ =A, ,v4=0) and the even torsional modes (v 4 =2,4). This perturbation, al­
lowed also in D- , symmetry, acts in principle on all the four torsional compo­
nents in the same way (coupling sublevéis of the same symmetry) [11]. 
However, since the effect of this Fermi type resonance drops rapidly with the 
distance between the involved set of levels, this interaction should only concern 
the 4v. levels and especially the two blue shifted components, i.e. the A„ , with 
Δ=-9.3 cm and the E- one with Δ=44.4 cm where Δ is the distances between Js 
ν« and 4\>. components, the latter calculated with V3=1008.7 cm and Vg = 
7cm 
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A second type of interaction between v^ and all the torsional levels comes 
from a Conolis coupling (ΔΚ=ί1). As pointed out in [11] the possibility of a Co­
nolis interaction between torsional levels and a fully symmetric vibration like v-
in CjHL· is a peculiar property of the G~fi symmetry appropiate to the molecule 
during the torsion This type of effect is expected to be especially strong for 
levels near to the barrier top. Distinction between g and u sublevéis (or s and 
d according to the present notation) is lost during the motion and levels with 
the same overall vibration-rotation symmetry interact As shown in [11] the 
+ 
G, f i selection rules always permit only the components of greater degeneracy to 
interact, since for them there is always a corresponding vibration-
al-torsional-rotational species with ΔΚ=ί1 In terms of torsional sublevéis only 
the E- . and E« components may couple with each other for even and odd К val­
ues m the interaction of v., with all the torsional overtones (З ., 4v4, 5υ.) 
Heavy distortions should occur for the 4\>. - Iv. quartet, increasing the intensi­
ty of both the E, components Actually the E- should be stronger being the 
closest to the υ- level. As exhaustively discussed in [31], a Conolis inter­
action occurring between almost degenerate levels may lead to dramatic effects 
in the relative intensity of different К components, such effects might also alter 
our 4v. - 2v. quartet intensity because each observed peak is related only to 
transitions between even or odd К values (see table 5) 
The presence of Fermi type and Conolis interactions m the 4v. - 2v4 band 
is indicated by the measured high intensities and the impossibility of reproduc­
ing the position of the E., better than within 3 5 cm whatever varnng the 
barrier parameters is attempted. A calculation of those effects requires not on­
ly knowledge of the Conolis term of the f i rst order Hamiltoman (eq. 2.6), but 
also an estimate of the potential barrier (at least the І term in eq. 3.3) as 
it is experienced by the molecule vibrating in the v., mode 
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The 4 v . t h i r d overtone has been i n v e s t i g a t e d , Raman-active l ike 2 v 4 , t h i s 
band should produce a 1 2 2 1 q u a r t e t w i t h heavi ly d i s t o r t e d s p l i t t i n g s As can 
be observed from table 10 where the calculated posit ions f o r the 4 υ . Q-branches 
are l i s t e d , the high e n e r g y components of the m u l t i p l e t are u n f o r t u n a t e l y hidden 
under the s t r o n g v^ fundamental ( v , = 994 8 cm ) [ 3 ] In o r d e r to narrow the 
rotat ional s t r u c t u r e of \>~ by cool ing, a j e t exper iment has been performed m the 
900-1100 cm r e g i o n , indeed it y ields a few weak peaks Among them the \>~ 
13 I 0 -1 
Q-branch of the isotopie molecule CH~ ~СН« has been ident i f ied at 982 1 cm 
[ 5 ] The a p p a r e n t l y h igh i n t e n s i t y measured on a low J component ( 0 ( 7 ) ) of the 
v., O-branch at 978 cm could be related to the v , Q-branch of the s ing ly d e u -
t e r a t e d isotope CH^CH-D expected at the same f r e q u e n c y [32] The A - J "^A- ,' 
t r a n s i t i o n in the 4 v . band could indeed be related to a peak f o u n d at 1007 1 
cm I t almost coincides w i t h the S(3) rotat ional line of v- The neighbourhood 
of low J components of the v., S-branch p r e v e n t e d us to def ine better the 4\>. 
band posit ion and to obtain any information on its w i d t h and intensi ty Meas­
urements performed in t h e range 800cm - 1000cm have not given any clear 
indicat ion of the presence of the o t h e r t h r e e 4 v . components up to now 
A l t h o u g h t h e potent ia l b a r r i e r model fa i led to p r e d i c t q u a n t i t a t i v e l y the 4 v 4 
components close to the b a r r i e r t o p , i tshould [21] y ie ld reasonable estimates f o r 
t h e posit ions of the levels above the b a r r i e r t o p The posit ions of the 5v. levels 
have been calculated by us ing the potent ia l parameters best f i t t i n g the tors ional 
levels up to v. = 3 Resul t ing posit ions f o r the 5v. - З . overtone hot band are 
l is ted m table 1 1 . T h i s band is expected to be as Raman active as the 3 v . - v . 
band and its calculated i n t e n s i t y rat io w i t h respect to the 2v. band is 0 126, 
i . e . a f a c t o r 2.2 lower than t h e u n p e r t u r b e d 4 v 4 - 2\>. b a n d . Predict ions f o r 
th e 5 v 4 - З д ( 1 2 2 1) q u a r t e t agree well w i t h a few weak features appear ing in 
th e measurements ( f i g 3 and f i g 4) T h e i r hot band character has been 
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Table 10 Summary of resul ts f o r the 4 v . t h i r d over tone 
e x p . calculated 
t r a n s i t i o n s (±0.5) V3=1024 V 3 =1008.7 V 3 =1009.1 
( O " ^ ' ) v 6 = o v 6 = 7 · 0 V 6 = 1 1 · 0 
A, "-»A, ' 883.65 874.36 875.56 
Is 1s 
E3d"->E3d' 906.72 898.43 899.71 
E, "-E„ ' 957.54 950.39 951.77 
3s 3s 
^ d ' ^ S d ' 1 0 0 7 - 1 1009.39 1004.07 1005.65 
(@) all values are in cm 
(*) if not o t h e r w i s e specif ied results refer to p r e s e n t w o r k . 
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(*) IQ) 
Table 11 Summary of results f o r the 5v. - З . t r a n s i t i o n . 
e x p . calculated 
t r a n s i t i o n s (±0.5) V 3 =1009.1 
O ' ^ S ' ) V 6 = 1 1 · 0 
A 1 d " " + A 1 d 2 9 2 . 9 ( + + ) 293.77 
E3 s"-*E3 s ' 347.6 348.56 
WW 411o(+) 4 1 0 · 2 1 
A 3 s " - A 3 s · 480.3 483.25 
(@) all values are in cm 
(*) if not otherwise specif ied results refer to p r e s e n t w o r k . 
(*) the shoulder in t roduces an accuracy of ±1.0 cm 
( + + ) not resolved because of the i m p u r i t y which i n t r o d u c e s an accuracy of ±1.0 
-1 
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checked, as for the 4v. - 2υ· band, in a jet expansion, the considerable re­
duction of the intensity of the peak at 292 7 cm indicates the presence of the 
A. . component of the 5\>. - 3v. band, but it could not be isolated from the im­
purity Results are summarized in table 11 Unfortunately, the accidental near 
coincidence of two of its components (A. , and E_ , transitions) and the small 
impurities in the sample do not allow the determining of their relative intensity 
These preliminary results do not seem to indicate any strong interaction with 
the v, as in the case of the 4v. bands A Fermi type resonance of the lowest 
5v. level (A. ., see table 3) with υ- is impossible, and so well as a Coriohs cou­
pling, the E- and E^ , symmetry levels of Sv. can be influenced, however, their 
position is about 100 cm above the v« level The presence of unresolved tran­
sitions in impurities as well as the weakness of the peaks prevented us from giv­
ing any estimate for their width Anyway, further work is planned m order to 
measure all the Δν.=2 overtones up to the 6v4 - 4\>. on a vibrationally hot sample 
of C-H f i, m order to obtain more detailed information on the potential from tor­
sional transitions involving levels above the barrier 
5B TRANSITIONS BETWEEN VI BRO-TORSIONAL LEVELS 
Our Raman investigation has been limited to Q-branches At the present 
state of experimental resolution l ittle information is gamed from active bands 
with U = i l , i2 [24] 
Evidence for combination transitions involving both Δν4 = *2 and pure vib­
rational excitations has been found 
A Q-branch corresponding with the 2vq * 2v4 overtone has been measured 
at 2180 7 cm (experimental resolution 1 6 cm ), with a proper width of about 
1 2 cm , as shown in f ig 6 The 2 „ overtone has been observed at 1646 7 
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Raman signal (arb. units) 
2V9+2V/. 
_ l I I I I ' ' ' ' ' 
2160 2170 2180 2190 2200 
Raman shift (cm-1) 
Fig.6 Measured Raman spectrum of combination band 2vg + 2v . , resolut ion 1.6 
cm (λ = 514.5 n m ) . 
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cm lacking any trace of the v. hot band structure (the experimental resolution 
was 1 8 cm ) [33], thus the unknown value of X. „ can be neglected m f i rst 
approximation The experimental position found for the 2vq + 2\>. combination 
(9) -1 
tone agrees with a barrier V-, + V., = 989cm , which is far from the value V« 
(9) -1 
* Д = 1123cm of [12] determined from the coupling of the Vq fundamental 
with the З . overtone A different f i t of the VQ band coupled with the 3v. in 
(9) -1 
[13] gives a barrier V- + V« = 1033 4 cm , which already disagrees with 
[12] and is closer to our value found for the 2\>q If results of [12,13] are con­
sidered reliable, it seems that the bending mode level v« induces a higher tor­
sional barrier than its overtone 2vq (which contains an energy higher than the 
barrier) Anyway, m comparing these results we should keep in mind that vib­
rational anharmomcities, contained in the neglected H ' term of the Hamiltoman 
(eq 2), generate terms of higher order than the diagonal matrix elements λ of 
the harmonic oscillator defined in eq 3 1 This means that only one parameter, 
V i , could be insufficient to account for the modified potential barrier appro-
piate to a combination tone Furthermore, in the case the of 2vq * 2v. overtone, 
(9) -1 
a value of V„ + V., lower than 1024 cm , m the simple model reported in eq 
2 should produce a splitt ing larger than 1 24 cm [9] and thus should be de­
tectable with the present resolution, as for the 2v. overtone itself (see f ig 2) 
No evidence of such a large splitt ing has been found for the 2vq * 2v. band and 
a splitting lower than the experimental resolution requires for higher barrier va­
lues (V 3 + з 9 ) > 1200 cm"1) 
The 2v f i and 2\>~ close-lying overtones have been found at 2744 6 and 
2779 9 cm with an intensity ratio of roughly 2 1 [33] No evidence for the 2\>R 
i v . hot band has been found m the measurements performed with 0 9 cm re­
solution [33] The 2v~ t v . hot band has been measured at 2784 1 cm with 0 9 
cm resolution, yielding X~ . = *2 1cm [33] Two peaks roughly m the 2 1 
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Raman signal (arb. units) 
10 -
3330 3350 3370 3390 
Raman shift (cm-1) 
Fig.7 Measured Raman spectrum of combination bands Iv* * 2\>. and 2ν- + 2v 
resolut ion 1.6 cm" (λ = 488.0 n m ) . 
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R -1 
ratio have been measured on the far tail of the v i n S branch at 3356.3 cm 
and 3380.3 cm respectively with 1.6 cm resolution (fig. 7). Apparent proper 
widths of 6.5 cm and 3.7 cm have been observed for the two peaks but we 
do not attach any significance to these widths since rotational structure of the 
v1f, S branch lies underneath. The two peaks are assigned as the 2vfi + 2\>. 
combination band at 3356.3 cm and the 2v7
 +
 2v4 band at 3380.3 cm , respec­
tively. Their weakness prevented us from investigating the occurrence of any 
torsional splitting with better resolution by suppressing the ν,
η
 rotational tail 
by cooling the molecules in a jet expansion. By using the measured values for 
2ν~, 2v-, X_ . and assuming X.
 fi = 0 it is possible to obtain information on V^
 + 
Í6) (2) 
І and v., + V^ . Both v., and v f i, which are the symmetric and asymmetric 
CH~ deformations, experience a barrier higher than 1100 cm in their second 
excited level. Values of Vg • V ^ = 1250 cm"1 and V, + v i 2 ^ = 1184 cm"1 give 
good agreement with the experimental position of the 2v9 * 2v. and 2 „ + 2v4 
bands. 
In comparing the value of the potential barriers with the measured band-
widths for three combinations of overtones with 2v., we observe that the higher 
the barrier the broader the band appears. This fact is in disagreement with the 
simple relation between the barrier height and the splitting parameter [12]. It 
is a strong indication of the inadequacy of the simple model used if vibrational 
states are highly excited. 
6 CONCLUDING REMARKS 
Our present results are the first complete check of theories applied to pure 
torsional transitions or vibrational torsional transitions involving the possibility 
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of the C~Hfi molecule tunneling through the barrier in the upper states close to 
the barrier top or even above i t . All detectable Raman active torsional bands 
have been observed, it has been shown that current theory may be used to pre-
dict their position and intensity for transitions involving the f irst three excited 
levels New accurate values for the barrier parameter, V« and V f i , have been 
determined which satisfactorily describe torsional sublevéis up to the th i rd ov-
ertone 
The 4v. levels cannot be properly described by the model mainly because 
we suppose they are heavily perturbed by interaction with the v« level. The 
measurement of the 5v4-3v. transitions indicates the validity of the model, with 
the same V« and V f i parameters, even for levels above the barrier top The f i t 
could not be improved by adding a term VqCoslSi. Apparently, the 
two-parameter model is sufficiently accurate if only torsional levels are con-
cerned 
Distortion of rotational sublevéis in torsional states is shown to occur, 
J К 
however the two distortion constants F_ and F- can only be determined in 
measurements performed at higher resolution. 
In cases of highly excited final vibrational states the barrier potential V , • 
V-, experienced in the 2vn, 2v« and 2vf i vibrations has been obtained, but the 
need for a more refined theoretical model (including at least vibrational anhar-
momcities) is demonstrated 
The observed bandwidths disagree with the model values. In the theore­
tical chemistry department of dr . A vd Avoird (at the university of Nijmegen) 
work is in progress to calculate Vo * І . 
The parameters V , and V f i measured in the present experiment can be of 
great help in refining the interpretation of high resolution IR spectra [11-14]. 
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RAMAN SPECTROSCOPIE SPECIAAL AAN HOGE VIBRATIONELE TOESTANDEN 
De moleculen waarvan de vibratie structuur is onderzocht via de spontane 
Raman versstroonng zijn N- (st ikstof), 0 9 (zuurstof), D_ (deuterium), C-H, 
(ethyleen), C_H. (alleen) en C~Hfi (ethaan). In vergelijking met de meestal 
bekende grondtoon (die correspondeert met een vibrationele excitatie van de 
grondtoestand naar de eerste aangeslagen toestand) is de eerste boventoon 
(excitatie van de grondtoestand naar de tweede aangeslagen toestand) vaak zeer 
zwak en dus slechts te dedecteren met voldoende laservermogen. Met een 250 W 
intracavity opstelling is de ontdekking van de eerste boventoon van N_ gedaan 
tijdens het opnemen van een lucht spectrum. Hiermee was de basis gelegd van 
dit onderzoek, immers deze uitbreiding van Raman spectroscopie aan 
vibrationele energie niveaus hoger dan de gebruikelijke fundamentele toe­
standen is nieuw, ook voor meer atom ι ge moleculen (m u v. enkele incidentele 
gevallen) Om de Raman spectra quantitatief te kunnen interpreteren is een 
kalibratie van de frequentie schaal en de spectrale gevoeligheid van de 
spectrometer uitgevoerd 
De analyse van de boventoon Raman spectra wordt mede bepaald door de 
complexiteit van de moleculaire structuur Voor de twee atomige moleculen zijn 
de moleculaire constantes reeds nauwkeurig bepaald, dit m tegenstelling tot de 
meer atomige moleculen waarvan o.a. de vibrationele structuur van toestanden 
hooggelegen m de multi-dimensionele potentiaalput slecht bekend is. Oorzaken 
hiervan kunnen gevonden worden bij de afwezigheid van infra-rood (IR) activi­
teit voor vele vibraties van moleculen met een inversie symmetrie of bij niet toe­
pasbaarheid van U.V. excitatie wegens dissociatie van de moleculen. De 
eenvoudigste spectrale structuur, die correspondeert met een rotatie-vibratie 
overgang waarbij de rotatie toestand met veranderd, geeft een hoge intensiteit 
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dichtheid t g.ν opeenvallende lijnen (een Q-band) in het Raman spectrum en is 
benut om eigenschappen van de moleculen te bepalen. 
Zo is voor de diatomen uit de gemeten mtensiteits verhouding van de 
4 
grondtoon en de eerste boventoon (typische waarde 10 ) de vibratie afhanke­
lijkheid van de isotrope polanseerbaarheid berekend Uit deze berekening 
bli jkt tevens dat zowel de anharmomciteit van de vibratie alsook de niet 
Imeanteit van de isotrope polanseerbaarheid vergelijkbaar veel bijdragen tot de 
intensiteit van de eerste boventoon Voor D« is de overeenstemming met ab 
initio berekeningen slechter dan voor N_ Voor O- zijn (nog) geen ab initio be­
rekeningen beschikbaar. 
In het geval van C-Η. is de analyse geconcentreerd op de spectroscopie 
van de vibratie structuur. Een mtensiteits versterking (soms groter dan een 
factor 25) van een boventoon wordt veroorzaakt door een wisselwerking 
(anharmonische of Fermi resonantie) met een nabij gelegen sterke grondtoon. 
Deze wisselwerking is sterker naarmate de bewegingen van de atomen in het mo­
lecuul voor de twee vibratie toestanden meer op elkaar lijken. Zo'n wissel­
werking gaat gepaard met een afstoting van de vibratie niveaus ten opzichte van 
elkaar Ondanks de hoge dichtheid van de vibratie niveaus m het gebied van de 
C-Η strek boventonen zijn deze nog goed meetbaar terwijl de rotatie structuur 
weinig of niet verstoord l i jkt te zi jn. De gemeten band origines en 
anharmomsche verschuivingen resulteren m een cross-anharmoniciteiten matrix. 
Door deze analyse van de vibratie structuur zijn mede de (vermeende) IR 
multifoton excitatie spectra opgehelderd. Hiertoe zijn ook metingen verricht 
d.m.v. CO~-laser excitatie van C-H. bij verschillende rotatie temperaturen die 
zijn verkregen via een jet expansie. Het bl i jkt dat de structuur van het 
IR-spectrum sterk wordt bepaald door de frequentie mis-match van de overgang 
en de CO^-laser l i jn, en de bezetting van de rotatie toestanden van het grond 
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niveau Deze informatie gebruikend kunnen we concluderen dat slechts een 
foton overgangen hebben plaats gevonden bij de door ons gebruikte condities 
Voor C-H. zijn soortgelijke conclusies te trekken uit de gemeten spectra 
als bij C~H4 Een opvallend verschil is echter de afwezigheid van boventonen 
behorende bij de vibratie modi met een C-Η strek beweging De aanwezigheid 
van lage frequentie vibraties maakt dat de niveau dichtheid aanzienlijk groter is 
als die bij C^H., wat de waarschijnlijkheid op (intensiteits vergende) 
anharmonische resonanties of rotatie structuur verstorende interacties vergroot 
Verder geeft deze aanwezigheid van lage frequentie vibraties voor veel 
Q-banden een opgeloste "hot band" structuur te zien, tenminste als de 
anharmonische koppeling groot genoeg is Aangezien de laagste mode ontaard is 
kan de hot band structuur bij combinatie tr i l l ingen van ontaarde modi opge­
splitst worden wat bij 2v l f . waarschijnlijk is waargenomen Maar ook een rotatie 
structuur verstorende Conolis interactie kan misschien de structuur in het 2v 1 n 
spectrum verklaren 
Voor zowel C-Η. als ook C_H. hebben we gezien dat locale anharmonische 2 4 3 4 ^ 
resonanties talri jk voorkomen en anharmonische shifts veroorzaken die (veel) 
groter kunnen zijn dan de anharmomciteit van bijvoorbeeld een, met verstoorde 
vibratie met een hoge frequentie. 
Tenslotte is het boventoon spectrum van C-H f i gemeten De interne rotatie 
van de twee СІ-Ц groepen wordt gehinderd door de drievoudige potentiaalput die 
afhankelijk is van de vibratie toestand waarin het C~Hfi molecuul zich bevindt 
Via een Raman overgang waarin o.a. de torsie t r i l l ing met twee quanta wordt 
aangeslagen kan de vorm van deze potentiaal put direkt worden bepaald De 
Gop-puntgroep is gebruikt om de selectie regels te bepalen voor Raman over­
gangen tussen (torsie) vibratie toestanden. Een computer is gebruikt om de 
Raman spectra te simuleren. 
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STELLINGEN 
1. De bewering van M. Howard en medewerkers dat koude (NH3)2 dimeren niet 
gedissocieerd kunnen worden door absorptie van 1 CC^-laser quantum 
(i.v.m. de sterkte van de binding door de N-H brug) berust op aanvecht-
bare experimentele gegevens. 
(M.J. Howard et al., J. Chem. Phys. 80 (1984) 4137) 
2. De sterke toename van de botsingsdoorsnede van de chemiluminescente 
reaktie Ba + N2O -*• BaO* +N2 ten gevolge van aanslag van de N2O knik-
trilling (V2) kan niet verklaard worden met het elektron sprong 
mechanisme. 
(D.J. Wren and M. Menzinger, J. Chem. Phys. 63 (1976) 4556; 
Far. Diso. Chem. Soa. 67 (1979) 97; D.R. Yarkony, J. Chem. Phys. 
78 (1983) 6763) 
3. In de praktijk blijkt dat anharmonische (of Fermi) resonanties tussen 
sterke Raman aktieve vibraties en veel zwakkere boven- of combinatie-
tonen zich voornamelijk uiten via een intensiteitsversterking van de 
boven- of combinatietonen. 
(Zie ook dit proefschrift) 
4. D. Oxtoby en S. Rice hebben uitvoerige computerstudies uitgevoerd aan 
gekoppelde trillingen in het kader van de klassieke mechanica. Men 
vindt beneden de dissociatie-limiet 3 types bewegingen, te weten 
a) periodiek zonder energie-uitwisseling tussen de aanwezige modi, 
b) periodiek met energie-uitwisseling, en c) stochastisch. De metingen 
beschreven in dit proefschrift hebben betrekking op a) voor wat betreft 
boven- en combinatietonen en op b) voor wat betreft anharmonische (of 
Fermi) resonanties. Helaas is type c) voor de Raman techniek (en even-
min voor IR-excitatie) ontoegankelijk. 
(D.W. Oxtoby and S.A. Rice, J. Chem. Phys. 65 (1976) 1676; Quantum 
Dynamics of Molecules, ed. E.G. Woolley, Plenum Press, Neo York 
1980) 
5. Het argument gebruikt door P. Drell en S. Chu om de toegenomen lijn-
breedte in het Doppler-vrije 2-foton absorptiespectrum van thallium 
te verklaren is onjuist. 
(P. Drell and S. Chu, Optics Corni. 28 (1979) 343) 
6. Laser-Raman-spectroscopie van zeer zwakke overgangen wordt overschaduwd 
door Rayleigh verstrooid laser plasma licht. 
(Dit proefschrift) 
7. Alleen meten kan in uitstekende samenwerking met anderen. 
8. (Stelling-) molens draaien niet tegen de wijzers van de klok in om niet 
met de tijd mee te gaan. 
9. Bijna elke Boltzmann verdeling wordt berekend bij kamertemperatuur. 
10. Ondanks het promotie-complementerende karakter van de stellingen gaan 
ze soms vooraf aan een promotie. 
11. De geavanceerde mogelijkheden van de digitale technieken en de micro-
electronica hebben (helaas) nog steeds niet geleid tot zakreken-
machientjes en/of computers die kunnen rekenen met grootheden. 
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